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Preface 


Gene disruptions, knockouts, and stimulated homologous recombination are 
powerful site-specific mutagenesis tools that can be used for the elucidation of 
gene function, gene therapy, cell-line engineering, and target validation studies 
in drug discovery. In the past few years many international collaborations and 
scientific consortiums have formed whose directive is to disrupt every gene in the 
genome of given model organisms in an attempt to determine specific gene 
function. The enabling feature of most genome-wide gene knockout endeavors is 
an efficient method for chromosomal mutagenesis, such as those available for 
Escherchia coli and Sacharomyces cerevisiae. In particular, the ability of £ coli 
and yeast to uptake and incorporate PCR products guided to genomic sites by 
small primer-dictated sequences has been particularly useful for high throughput 
and economical chromosomal modification. While these model organisms serve 
well to delineate broad classifications of gene function, they still cannot directly 
address unique genetic features of certain organisms. Studying model systems or 
surrogates through systems biology approaches provides a mechanism to study 
complex systems; however, it is through the sum interaction of their parts that 
result in unique physiology, anatomy, disease states, and microbial virulence. 
Such cell-specific phenotypic qualities are a critical selective force imposed upon 
finding suitable target genes for drug and vaccine development. 

Great disparities exist between organisms with regard to the relative ease of 
chromosomal mutagenesis and manipulation. Typical barriers to efficient homolo¬ 
gous recombination include the difficulty of DNA delivery, particularly ineffi¬ 
cient homologous recombination systems, chromatin interference, competing 
non-homologous integration pathways, and basic limitations in the ability of 
certain cells to survive cloning operations, as in the case of rat oocytes. Like 
yeast, some prokaryotes, such as Streptococcus pneumoniae and Helicobacter 
pylori . arc highly transformable and efficient at incorporating donor DNA with 
minimal homologous ends into the genome. However, others such as 
Mycobacterium tuberculosis and Clostridium perfringens . arc extremely difficult 
to mutate by conventional methods. Similarly for eukaryotic cells, it is profoundly 
unfortunate that human somatic cells remain generally resistant to efficient 
homologous recombination. Methods that attempt to overcome limitations in 
mammalian gene targeting, such as RNA interference (RNAi). have become 
widespread. While RNAi docs not result in a complete disruption of gene activity, 
it has revolutionized eukaryotic reverse genetics by its procedural ease, rapid 
experimental turn-around, low expense, and. most significantly, application to 
diverse cell types. It is these qualities that permanent chromosomal manipulation 
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VIII 

methods should strive for in hopes of simplifying and improving gene targeting 
techniques. This volume will focus on a variety of chromosomal mutagenesis 
techniques for both prokaryotic and eukaryotic organisms. Methods covered 
include inscrtional gene disruptions, gene knockouts, stimulated homologous 
recombination techniques and novel tools based upon integrases. eukaryotic 
transposons. triplex forming oligonucleotides, group II introns. and engineered 
site-directed nucleases. In particular, we seek to highlight techniques that expand 
the genetic toolbox beyond model organisms into a wider variety of cell types 
and organisms. 

Chinese hamster ovary (CHO) cells are an excellent example of a highly valu¬ 
able cell type that lacks genetic tools and information. The chapter by Mitsuo 
Satoh and colleagues outlines an excellently detailed procedure which has been 
used to create the first biallelic gene knockouts in CHO cells, a hallmark achieve¬ 
ment for industrial cell engineering. Since this method is based upon classical 
homologous recombination, it retains a high degree of flexibility in targeting 
virtually any region of the CHO genome. While government regulations restrict 
cell types, such as CHO. used for production of recombinant therapeutics and 
require the development of suitable mutagenesis methods, fundamental research 
allows consideration of many different cell-types, some of which are human- 
derived and have elevated rates of homologous recombination. Noritaka Adachi 
and colleagues describe protocols for gene targeting in one such cell line. Nalm- 
6. which has been used extensively as a model for leukemia research. In addition 
to having favorable recombination efficiencies, Nalm-6 retains a stable karyotype 
and normal p53 status making it more suitable for functional genomics studies. 

One of the most useful and remarkable discoveries in recent years is that 
double-strand chromosomal breaks (DSBs) can stimulate homologous recombi¬ 
nation (HR) by orders of magnitude. While the increase in HR efficiency is 
impressive, the ability to site-specifically apply this technique throughout the 
genome has been limited until very recently. The chapter by Jean-Pierre 
Cabaniols and Fr6d6ric Paques describes an efficient method using the l-Scel 
meganuclease to create site specific mutations in CHO-K1 cells. These methods 
can also be applied to I-OcI mcganuclcascs which have been engineered to have 
flexible site-specificity. In another approach for targeting DSBs. zinc-finger bind¬ 
ing domains have recently been combined with the Fokl nuclease to create zinc- 
finger nucleases (ZFNs). The combination of these two eukaryotic and 
prokaryotic modular protein domains has encountered great success. The chapter 
by Matthew Porteus describes the bioinformatic intricacies associated with ZFN 
and target site design and subsequent protocols for gene targeting in somatic 
mammalian cells. The chapter by Dana Carroll and colleagues describes excel¬ 
lent methods which expand ZFN gene targeting applications to Drosophila 
melanoRaster and Caenorhabditis elegants. In many instances, as in several of the 
previously mentioned chapters, gene targeting methods require a gene-targeting 
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vector to be constructed to introduce modified DNA into the chromosome, often 
a time consuming and expensive procedure. The chapter by Derrick Rancourt and 
colleagues outlines a very efficient and streamlined approach, termed Orpheus 
Recombination, using enhanced phage-based recombination to rapidly generate 
targeting vectors. 

For years. E. coli and Drosophila genetics have benefited greatly from 
genome-wide transposon experiments to delineate gene function. Until recently, 
the same benefits were not realized in mammalian cells due to lack sufficiently 
active insertional elements. Two attractive features of insertional mutagenesis arc 
that the mechanisms of insertion do not typically compete with or depend greatly 
on homologous recombination functions of the cell, and once an insertion is 
achieved at a specific site, a molecular tag is left in the genome that can easily be 
used to locate the genomic locus associated with a given mutant phenotype. The 
nuances of insertional element location are nicely described in the chapter by 
David Largaespada and Lara Collier where they detail the procedures required to 
identify and characterize insertional events in mouse tumor cells resulting from 
integration of the Sleeping Beauty (SB) transposon. The chapter by Zoltan Ivies 
and colleagues describes upstream methods of transformation and selection of the 
SB transposon to create germ-line mutations in mice. These applications of the 
SB transposon are an extremely important new development in cancer genetics 
since they can mutate a wider variety of tissue types than previous systems, often 
resulting in the creation of more relevant solid tumor phenotypes. Gene trapping 
is a novel method that allows for random insertional disruption of genes while 
also providing a means to report expression via gene-reporter splicing. Thomas 
Floss and Frank Schniitgcn provide a chapter which describes protocols for char¬ 
acterizing conditional gene trap ES clones. 

Transposon insertion is typically a random event, which is a very useful 
quality for relating observed phenotypes to a genomic locus. However, when 
researchers arc focused on the function of a specific gene, finding an insertional 
clone from a random library can be labor intensive. The chapter by Craig Coates. 
Joseph Kaminski, and colleagues oudines protocols to target the piggyBac trans¬ 
poson by creating gene fusions to GAL4 binding domains. A significant aspect of 
this work is that the transposon retains sufficient activity when fused to the GAL4 
binding domain for practical insertional mutagenesis. In a similar application, 
Dan Voytas and colleagues describe site-specific targeting of the TyS retrotrans- 
poson by a gene fusion approach exploiting the specific interaction of Ty5 with 
the Sir4 protein. Not only docs the Ty5-Sir4 fusion method provide for site spe¬ 
cific integration, but may also result in a new tool for determining DNA binding 
sites of transcription factors by leaving the inserted Ty5 insertional tag at the 
binding site. In addition to targeting specific genes for functional genomics appli¬ 
cations. single site specificity is often desired when delivering transgenes to min¬ 
imize off-target effects in gene therapy applications. In the chapter by Annahita 
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Kcravala and Michele Calos they describe methods for site specific chromosomal 
integration mediated by ©C31 intcgrasc. Unlike similar applications with Cre and 
Flp recombinascs, tyCH integrase results in an irreversible and stable integration 
of DNA. As mentioned previously, procedural ease is highly valued in gene tar¬ 
geting procedures, and the use of PCR-based donor DNA synthesis, or. if possi¬ 
ble. small synthetic DNA. can greatly simplify work involved in assembling gene 
targeting materials. In the chapter by Peter Glazcr and colleagues methods are 
provided for site specific gene modification using synthetic triplex-forming 
oligonucleotides (TFOs) and peptide nucleic acids (PNA). 

Relative to mammalian eukaryotic genetics, the huge diversity of the single¬ 
cell microbial world can present very unique barriers for chromosomal mutagen¬ 
esis. Mycobacterium tuberculosis is a leading world scourge, killing over 3 
million people worldwide each year. Unfortunately. M. tuberculosis grows 
incredibly slow as typical prokaryotes go. and. to make matters worse, it is noto¬ 
riously difficult to mutate. The chapter by Martin Pavelka outlines a suicide vec¬ 
tor approach which enables the creation of point mutations, insertions, and 
deletions that delicately alter functionality with minimal impact on surrounding 
genes. As mentioned previously. E. coli and yeast can have minimal requirements 
for homologous sequence length to guide substrate DNA to specific genomic sites 
allowing site specificity to be efficiently changed through simple oligo synthesis. 
While this is natural phenomenon in yeast, the use of short homologous arms 
(~50 bp) in E. coli has required the expression of phage proteins to enhance 
homologous recombination. Lambda phage proteins have a limited enteric gram- 
negative host range for enhancing homologous recombination. Julia van Kessel 
and Graham Hatfull have contributed a chapter describing the discovery and 
implementation of similar phage proteins that enhance homologous recombina¬ 
tion in Mycobacteria. This rccombinccring approach serves to minimize the 
length of homologous sequences required in donor DNA and make homologous 
recombination more competitive with the dominant illegitimate recombination 
mechanism in Mycobacteria. Clostridial species have also long suffered for lack 
of efficient genetic systems, and fatality rales for some species have recently sur¬ 
passed that of methicillin-resistant Staphylococcus aureus (MRSA) in the UK. 
The chapter by Yue Chen and Phalguni Gupta presents a targeted inseitional dis¬ 
ruption method based on the LI.LtrB group II intron which has greatly reduced 
the time required to create targeted gene disruptions in Clostridium perfringens. 

In addition to providing more advanced detail on mutagenesis methods, we 
have intended to cover state-of-the-art techniques that are staged to expand, if not 
revolutionize, genetic analysis in long neglected and relevant cell types. The edi¬ 
tors would like to extend their greatest thanks to all the participating authors for 
their willingness and enthusiasm to contribute. We thank David Casey and Patrick 
Marton at Humana Press and John Walker at the University of Hertfordshire for 
their support throughout this work. We would also like to thank Don Ennis at the 
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University of Louisiana. Douglas Berg at Washington University. Nigel Minton at 
the University of Nottingham, and Clive Svendsen at the University of Wisconsin 
for helpful discussions during the assembly of this volume. 

Gregory D. Davis can be contacted at Greg.Davis@sial.com and Kevin Kayser 
can be contacted at Kcvin.Kayscr@sial.com. 

Gregory D. Davis and Kevin J. Kayser 
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Biallelic Gene Knockouts in Chinese Hamster Ovary Cells 

Naoko Yamane-Ohnuki, Ka/uya Yamano, and Milsuo Saloh 


Summary 

Chineie hamrtei ovary (CHO) cells are the mod common hoil cells and are widely used in Ihe 
manufacture of ^proved recombinant iherapeuiics. They repreienl a major new clast of universal 
hotr» in biopharmaceulical production. However, there remaim room foe improvement to create 
mere ideal host cells that can add greater value to therapeutic recombinant peoteina at reduced peo- 
doctlon cost. A promising approach to thu goal is biaUebc gene knockout in CHO cells, as it is the 
most reliable and effective means to permanent phenotypic change, owing to Ihe complete removal 
of gene function. In thu chapter, we describe a biallelic gene knockout process in CHO cells, as 
exemplified by the successful targeted disruption of both PUTS alleles encoding a- 1.6-fucosyItians- 
ferase gene in CHO/DG44 cells. Wild-type alleles are sequentially disrupted by homologous recom¬ 
bination using two targeting vectces to geoerate homozygous disruptants. and Ihe drug-resistance 
gene cassettes remaining on the alleles are removed by a CtdloxP recombination system so as not 
to leave the extraphenotype except for the functional loss of the gene of interest. 

Key Words: Biallelic gene knockouts: Chinese hamster ovary (CHO) cells; homologous recom¬ 
bination: PUTS; targeted disruption; bioptiarmaceutie.il production 

t. Introduction 

Recombinant protein expression technology in mammalian cell cultures is fhe 
principal means of the commercial produclion of glycobiopharmaceulicals. In 
face all approved therapeutic recombinant antibodies as well as erythropoietin 
have been manufactured in mammalian cells (1.2). and include the majority of the 
recombinant therapeutic proteins currently used in clinics. One of the most com¬ 
mon host cell lines used in the manufacture of these therapeutics is the Chinese 
hamster ovary (CHO) cell line, which represents the major new class of universal 
hosts in biopharmaceulical production. In pharmaceutical production, it is unac¬ 
ceptable for the quality of ingredients to vary depending on culture conditions 
and/or producer clone character, because the variations would affect therapeutic 
efficacy and could trigger severe clinical problems. The characteristics of CHO 
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cells—case of genetic manipulation, high cloning efficiency, good proliferation in 
large-scale suspension culture, easy adaptability to semm- and protein-free media, 
and both high productivity and stability—are the characteristics necessary for 
industrial application, and thus robust processes have been developed to produce 
them. These processes arc proven to produce safe and effective biopharmaceutica! 
molecules equivalent to those observed in nature. However, improvements arc 
eagerly awaited to create more ideal host cells by adding greater value to therapeu¬ 
tic recombinant proteins at reduced production cost by improving not only cell 
growth and viability but also posttranslational modification. Genetic modification 
of CHO cells is a promising approach to achieve these goals. 

Biallelic gene disruption in CHO cells is the most reliable and effective way to 
completely remove gene function. Other loss-of-function technologies, for exam¬ 
ple. antisense and RNA interference, reduce target function but do not eliminate it. 
Recently, we succeeded in generating a mutant CHO cell line in which both F17T8 
alleles, encoding the only mammalian a-1.6-fucosyltransferase gene, are deleted 
by sequential gene targeting (3). FUT8 knockout cells produce completely defuco- 
sylated therapeutic antibodies with significant enhancement of antibody-dependent 
cellular cytotoxicity (ADCC). which is one of the major immunological mecha¬ 
nisms responsible for the clinical efficacy of tumor cell eradication and which is 
controlled solely by a-1,6-fucosylation on N-linked oligosaccharides of antibodies 
(4). Hcmizygous cell lines still retain enough a-1.6-fucosyltransferasc activity for 
fully fucosylated antibody production, suggesting that biallelic gene disruption is 
required for the complete loss of ex-1,6-fucosylation. 

Gene targeting in mammalian somatic cells is difficult to achieve and requires 
exceedingly laborious and time-consuming processes. The difficulty arises from 
the fact that, in somatic cells, nonhomologous recombination events occur sev¬ 
eral orders of magnitude more frequently than homologous recombination 
events (5). In general, homologous recombination is estimated to occur with 
more than 100 -fold lower frequency in somatic cells than in murine embryonic 
stem (ES) cells (6.7). In the case of CHO cells, two additional obstacles further 
complicate gene targeting. One is “targeted gene-templated extension;'* the 
truncated end of a targeting vector sequence is frequently extended in CHO cells 
by replication of the target homologous region on the genome, and is randomly 
integrated elsewhere (8—12). Such recombinants not only still retain uncor¬ 
rected target gene loci, but also cany corrected targeting vector sequences, 
which are the same as designed homologous recombinant loci, at ectopic sites. 
This event gives rise to many pseudo homologous recombinants that are indis¬ 
tinguishable from homologous recombinants by diagnostic genomic poly¬ 
merase chain reaction (PCR) for the detection of the target fragment (mostly 
1-2 Kb in length), because the vector is often extended for several kilobase 
beyond the target homologous region (11,12). The other complication to gene 
targeting is that chromosomal abnormalities, which significantly affect the copy 
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number and chromosomal location of the target loci (13) % accumulate in CHO 
cells (14.15). Most cultured somatic cell lines arc aneuploid owing to chromo¬ 
somal aberration in return for the acquisition of immortality during establish¬ 
ment and cultivation (16). CHO cells showed a pscudodiploid kaiyotype (2zi = 21) 
just after establishment (17). To date, however, most of the sublincs lose the 
native karyotype and chromosomal structure during long-term cultivation 
and/or artificial mutagenesis (14). 

Considering these factors, it is desirable to design a “good 1 * targeting vector to 
increase the chance of a targeted recombination event. An isogenic homologous 
gene sequence is thought to be necessary for efficient gene targeting in munne ES 
cells (18). Therefore, to construct f’(/78-targcting vectors, we have used the CHO 
FUT8 genomic fragment, including the first coding exon isolated from the CHO 
cell Argenomic library, and succeeded in the gene targeting. In our experience, 
targeting vectors in which a homologous region is obtained by genomic PCR con¬ 
taining several possible mismatched base pairs have also worked well in CHO 
cells, which is consistent with the report that there is no obvious evidence of a 
strict isogenicity requirement for gene targeting in human cells (19). Target 
sequence homology length in the vector is another key factor in targeting fre¬ 
quency. In general, a target vector including a longer homologous region achieves 
a higher targeting frequency (20). In the case of CHO cells, several kilobase of a 
homologous gene sequence is required on each side of a selection marker on the 
target vector in order to improve the homologous recombination efficiency (12). 

It is also critical that the target vector carries an efficient selection system to 
enrich the targeted recombinants from a huge number of transfcctants. For this 
purpose, typically, a positive-negative selection (PNS) strategy is used to enrich 
the targeted recombinants by about 2- to 10-fold in mammalian somatic cells 
(21). We have used the PNS vectors carrying the modified FUT8 exon by 
replacing the translation initiation site with a drug-resistance gene cassette, in 
which cither the neomycin-resistance gene ( Neo?) or the puromycin-resistance 
gene ( Puro ') is used as a positive selection marker, and the diphtheria toxin gene 
( DT) is used to kill randomly integrated nontargeted recombinants as a negative 
selection marker (see Fig. 1A and ref. 3). In CHO/DG44 cells, the enrichment 
efficiency of homologous recombinants by DT negative selection is estimated 
to be approximately twofold (unpublished data), which might be owing to the 
fact that DT-resistancc mutation occurs easily in the CHO genome (22). To elim¬ 
inate chromosomal position effects that hamper the selection marker gene 
expression on the genome, it is effective to place insulator sequences on each 
side of the DT expression cassette to improve the enrichment efficiency by 
more than threefold (unpublished data). Another selection strategy is the use of a 
promoter trap (PT) system, which is reported to yield up to 5000-10.000-fold 
enrichment of homologous recombinants (21). PT vectors are designed to drive a 
positive selection marker gene under the control of the endogenous promoter of 
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Fig. 1. Targeting vectors for FUTS gene knockout in CHO cells. Wild-type FUT8 alle¬ 
les of CHO cells and the targeting constructs. (A) PNS strategy: exon 2 (filled boxes) is 
modified by replacing a segment containing the translation initiation site with the drug- 
resistance gene cassette, flanked by two loxP sites (filled triangles). (B) PT strategy: the 
promotcricss Ned is lused in-frame to the translation initiation site of FUTS gene on exon 2. 
Resulting hybrid selection marker cassette is floxed. 


the target gene. In CHO/DG44 cells, the enrichment efficiency of homologous 
recombinants by the PT system in which the promotcricss Ned is fused in-frame 
to the endogenous FUTS gene (see Fig. IB), is estimated to be at least 10-fold. 
The PT strategy, irrespective of DT modification flanked by insulators, has 
achieved a targeting efficiency dozens of times greater than that of the PNS strat¬ 
egy (see Tabic 1). 

Before gene targeting, it is necessary to estimate the copy number and chromo¬ 
somal locations of the target loci by Southern blot analysis and fluorescence in 
situ hybridization. The chromosomal morphology of CHO cells is not as stable as 
that of ES cells and may change during long-term cultivation by our intervention, 
giving rise to variants derived even from a single clone. For example, in the case 
of CHO/DG44, the karyotypes vary from lab to lab; the chromosome number is 
reported to be 2n = 18 (14), 2n = 20 (23), or 2n = 34 (24). Thus, we should note 
the possibility that the number of target loci is not always two copies. Assuming 
that several rounds of gene targeting would be necessary for the complete func¬ 
tional loss of more than three copies of target loci, it is desirable to design floxed 
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Table 1 


Gene Targeting Efficiency in CHO/DG44 Cells 



Screened Net/ clones 

PCR-positivc clones 

Targeted clones 

PNS vector 

45.000 

39 

1 

PT vector 

3000 

84 

1 

PT vector with 
modified DT 

2500 

29 

1 


targeting vectors in which the positive selection markers arc removable by the 
CtcJIoxP recombination system. On the other hand. CHO cells are known to have 
“functional hemizygosity M on many gene alleles (25), and only one round of gene 
targeting is enough to remove the full function of the target gene. 

Screening scales to identify targeted clones depend on the targeting frequency 
in host cells as well as that in target gene loci. In the targeting of the FUT8 loci 
in CHO/DG44 using PNS vectors, approx 45.000 transfcctants were screened to 
find only one hemizygous target clone. On the other hand, in the second round of 
targeting. 7000 transfectants were enough to identify a homozygous disruptant 
(3). In addition, using the very same PNS vectors, the targeting event has occurred 
at much higher frequencies of 1/900-1/3200 in some clones derived from origi¬ 
nal CHO/DG44 cells as hosts (unpublished data). These discrepancies in target¬ 
ing frequency among clones derived from the same parent cells have never been 
reported in ES cells. Considering that CHO cells consist of diverse clones with 
genetic heterogeneity owing to chromosomal rearrangement as described earlier, 
it is possible that targeting frequency varies by sublines and/or by labs. In 
CHO/DG44. phenotypic variations, for example, morphology, growth rate, and 
cell adhesiveness, have no relation to the gene-targering frequency, although they 
do affect the cloning efficiency of the targeted recombinants. Therefore, it is rec¬ 
ommended that a suitable clone for gene targeting is used as a host if several CHO 
clones are available. 

Phenotypic selection is a powerful strategy for efficient enrichment for the tar¬ 
geted recombinants. Some groups have succeeded in gene targeting at only one 
locus in CHO cells by means of a selection strategy appropriate for the expected 
phenotype of targeted events. In these cases, single targeting events arc detected 
by drug resistance either because hemizygous mutants are applied to gene target¬ 
ing (8-12) or because single replacement is effective for phenotypic change (26). 
However, single targeting is not always sufficient to dramatically change the tar¬ 
get gene function. In the case of glycosylation-related genes, lectins specific for 
the modified glycans are good candidates for positive phenotypic selection drugs. 
Although phenotypic selection with a lentil aggulutinin. which specifically binds 
to a-1,6-fucosylated trimannosyl-core structure of N-linked oligosaccharides and 
kills the cells expressing the structure, does not work well in the identification of 
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hemizygous FUTS clones, il has great impact on the enrichment (or the homozy¬ 
gous dismptants with greater than 3000-fold efficiency (unpublished data). 

Here, we describe the details of the targeted disruption of both FUTS alleles in 
CHO/DG44 by the PNS strategy (see Fig. 2). Wild-type FUTS alleles are sequen¬ 
tially disrupted by homologous recombination using two independent vectors, 
both of which target the first coding exon of the FUTS gene. After homozygous 
dismptants are generated, the chug-resistance gene cassettes flanking the two loxP 
sites on FUTS alleles arc removed by transient expression of Cre recombinase. 

2. Materials 

2.1. Cell Culture 

1. CHO/DG44 cells ( see Note 1). 

2. T-175 flasks for adherent cell culture (Greiner Bio-One. Frickcnhausen. Germany). 

3. Dulbccco's phosphate-buffered saline (D-PBS): Ca 2 '- and Mg 2 *-6ee solution is 
available from Invitrogcn (Carlsbad. CA). 

4. Iscovc’s modified Dulbccco's medium (IMDM: Invitrogcn)-10% fetal bovine serum 
(FBS. Invitrogcn) medium: IMDM supplemented with 1096 FBS. hypoxantin thymidine 
(HT) supplement (Invitrogcn). and 50 pg/mL of gentamycin (tissue culture grade. 
Nacalai Tcsquc. Kyoto. Japan). Prepare gentamycin as a 10 mg/mL (200X) stock by- 
dissolving gentamycin in D-PBS or distilled water, filtcr-stcrilize it. and store at 4°C. 

5. G418-selection medium: IMDM-10% FBS medium supplemented with 600 pg/mL 
of G418. Prepare G418 stock solution by dissolving G418 sulfate (Nacalai Tcsquc) 
50 active mg/mL in D-PBS or distilled water, filtcr-stcrilize it. and store at -20°C. 

6. G418/puromycin selection medium: IMDM-10% FBS medium supplemented with 
500 pg/mL of G418 sulfate and 15 pg/mL of puromycin. Prepare G418 stock solu¬ 
tion as described earlier. Prepare puromycin stock solution by dissolving puromycin 
dihydrochloride (Sigma-Aldrich. St. Louis. MO) 5 mg/mL in D-PBS or distilled 
water, filtcr-stcrilize it. and store at - 20 “C. 

7. 0.05% (w/v) Trypsin-PBS: trypsin liquid (Invitrogcn) is diluted at 0.0596 (w/v) in 
D-PBS. 

8. Freezing medium: IMDM-10% FBS medium. FBS. and dimcthylsulfoxidc Hybri- 
MAX® (Sigma-Aldrich) arc mixed at a 2:2:1 ratio before preparation of master plates 
for screening. After mixing IMDM-10% FBS with FBS thoroughly, add Hybri-MAX. 
Take care not to mix Hybri-MAX and FBS. 

2.2. Transfection for Homologous Recombination 

1. FUTS targeting vector: pKOFUT8Nco. pKOFlTT8Puro (see Fig. 2 and Note 2). The 
vector plasmids arc purified by CsG density gradient centrifugation (see Note 3). 

2. Sail (New England BioLabs. Beverly. MA). 

3. Phcnol/chloroform/isoamylalcohol: a mixture of Tris-HCl-cquilibratcd phenol, chlo¬ 
roform. and isoamylalcohol at a 25:24:1 ratio is available from Invitrogcn. 

4. 5 M NaCI. 

5. 70% (v/v) EtOH. 

6. Ttis-EDTA buffer (TE): 10 mW Ths-HCl. 1 mM EDTA pH 8.0. 
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Fig. 2. Targeted disruption of FUTS alleles in CHO cells. FUTS alleles and PNS 
type targeting constructs. Exon 2 (filled boxes) is modified by replacing a segment con¬ 
taining the translation initiation site with the drug-resistance gene cassette, flanked by two 
loxP sites (filled triangles). After sequential gene targeting, the drug-resistance gene cas¬ 
settes arc removed from both FUTS alleles by transient expression of Crc rccombinasc. 
Relevant i\7itl (N). Sacl (S), EtoRV (RV). and EcoRI (RI) recognition sites are shown. 

7. K-PBS buffer. 137 m M KC1. 2.7 mVf NaCl. 8.1 mAf NXHPO,. 1.5 mM KH,PO t . 
and 4.0 mAf MgQ,. A 10X of Mg ! *-frcc K-PBS stock solution (1.37 Af KC1. 27 mM 
NaCl. 81 m M Ka,HPO,. and 15 mAf KH,P0 4 ) is prepared by dissolving 10.21 g of 
KC1. 158 mg of NaCl. 1.15 g of Na,HPQ 4 . and 204 mg of KH.PO, in 100 mL of 
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distilled water. A 10X of MgCl, stock solution (40 mV/ MgCl,) is prepared by dis¬ 
solving 812 mg of MgCl 2 -6H 2 0 in 100 mL of distilled water. Both 1 OX stocks arc fil¬ 
ter-sterilized and stored at 4°C. Just before electroporation, a IX working solution is 
prepared by mixing 10 mL of 10X Mg^-frcc K-PBS and 10 mL of 10X MgCl, with 
80 mL of distilled water. The solution is then filter-sterilized and kept on ice. 

8. Electroporation cuvets with an electrode gap of 0.2 cm (Bio-Rad Laboratories. 
Hercules. CA). 

9. Gene Pulscr II (Bio-Rad Laboratories). 

10. 10-cm dishes for adherent cell culture (Greiner Bio-One). 

2.3. Screening for Homologous Recombinants by Genomic PCR 

1. Stereoscopic microscope. 

2. A 96-well flat-bottomed plate for adherent cell culture (Greiner Bio-One or Asahi 
Techno Glass. Tokyo. Japan). 

3. A 96-well round-bottomed plate for adherent cell culture (Asahi Techno Glass or 
Bcckton Dickinson. Franklin Lakes. NJ). 

4. Lysis buffer: 10 mAf Tris-HCl. pH 7.5. 10 mA/ EDTA. pH 8.0. 10 mAf NaCl. 0.5% 
(w/v) N-lauroylsarcosinc. and 1 mg/mL proteinase K. A cell lysis solution (10 mAf 
Tris-HCl. pH 7.5. 10 mAf EDTA. pH 8.0, 10 mAf NaCl. 0.5% (w/v) sarcosyl) is 
prepared by dissolving 0.29 g of NaCl and 2.5 g of N-lauroylsarcosinc in 400 mL 
of distilled water, adding 5 mL of 1 M Tris-HCl. pH 7.5. and 10 mL of 0.5 A/ 
EDTA. pH 8.0. The final volume was adjusted to 500 mL with distilled water before 
filtration, and the solution was stored at room temperature. Proteinase K stock 
solution is prepared by dissolving proteinase K (Sigma-Aldrich) in distilled water 
to 50 mg/mL followed by storage at -20^. Just before cell lysis, a working solution 
is prepared by mixing 500 |iL of proteinase K stock solution with 24.5 mL of cell 
lysis solution. 

5. NaCl/EtOH: just before preparation of genome DNA. a solution is prepared by- 
mixing 600 pL of 5 Af NaCl with 40 mL of EtOH and keeping it at room temperature. 
The solution is cloudy, but this is inconsequential. Before use. mix the solution again, 
because the salt will precipitate. 

6. 70% (v/v) EtOH. 

7. TE-RNasc: TE supplemented with 200 pg/mL of ribonuclcasc A. Prepare RNase 
stock solution by dissolving ribonuclcasc A (type X-A. Sigma-Aldrich) in distilled 
water to 10 mg/mL and store at -20°C. 

8. PCR primers: forward primer 5'-CTT GTG TGA CTC TTA ACT CTC AGA G-3' is 
designed in an intron of FUTS not represented in the targeting vectors. Reverse 
primer 5'-GAG GCC ACT TGT GTA GCG CCA AGT G-3' is specifically bound in 
the PGk promoter sequence of drug-resistance gene cassettes (see Fig. 1). 

9. Ex Taq polymerase (Takara Bio. Shiga. Japan). 

2.4. Diagnosis of Homologous Recombinants by Southern Blotting 

1. A 24-well flat-bottomed plate for adherent cell culture (Greiner Bio-One or Asahi 
Techno Glass). 
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2. A 6-wcll flat-bottomed plate for adherent cell culture (Greiner Bio-One or Asahi 
Techno Glass). 

3. Lysis buffer (see Subheading 2.3.). 

4. NaCl/ElOH (we Subheading 2-3.). 

5. 70% (v/v) EtOH. 

6. TE-RNase (we Subheading 2 J.). 

7. Nhel (New England BioLabs). 

8. PCR primers: forward primer 5'-GTG AGT CCA TGG CTG TCA CTG-3' and 
reverse primer 5'-CCT GAC TTG GCT ATT CTC AG-3' arc designed in an intron 
region of FUT8 not represented in the targeting vectors (we Fig. 1). 

9. Ex Tag polymerase (Takara Bio). 

10. Hybond-N* (GE Healthcare Bioscicnccs. Piscalaway. NJ). 

11. Ultraviolet crosslinkcr. 

12. 0.4 N NaOH. 

13. 0.2 M Tris-HCl. pH 7.5-2 x SSC. 

14. Hybridization buffer: 5 x SSPE. 5 x Denhardt's solution, and 0.5% (w/v) sodium 
dodccyl sulfate (SDS). A 50 x Denhardt's solution is available from Nacalai 
Tesque. 

15. 10 mg/mL of salmon sperm DNA. 

16. (a- ,2 P)dCTP. 

17. Megaprime DNA-labcling systems. dCTP (GE Healthcare Bioscicnccs). 

18. Probe Quant G-50 Micro Columns (GE Healthcare Bioscicnccs). 

19. 2 x SSPE-0.1% (vAv) SDS. 

20. 0.2 x SSPE-0.1% (v/w) SDS. 

2.5. Cte Expression 

1. C« expression vector: pBS185 (we Note 4). 

2. TE: 10 mV/ Tris-HCl. 1 m.*/ EDTA. pH 8.0. 

3. K-PBS buffer (see Subheading 2.3.). 

4. Electroporation cuvets with electrode gap of 0.2 cm (Bio-Rad Laboratories). 

5. Gene Pulscr II (Bio-Rad Laboratories). 

6. 10-cm dishes for adherent cell culture (Greiner Bio-One). 

3. Methods 

3.1. Preparation of linearized Targeting Vector 

For electroporation, the targeting vectors arc linearized at a unique restriction 
site such as Sail in the plasmid backbone. It is recommended that transforma¬ 
tion conditions, for example, maintenance media, cell culture, DNA per cell 
ratio, and applied voltage, should be optimized for the introduction of large 
constructs that must remain intact. We have found that maintaining CHO/DG44 
in a low concentration of scrum before transfection slightly improves transfor¬ 
mation efficiency, which is preferable to the cells internalizing the intact vec¬ 
tors (unpublished data). 
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1. Cut the vector with Sail and check for complete digestion by agarose gel elec¬ 
trophoresis. In a large-scale digest. 2-3 U of endonuclease per microgram of DNA 
and no more than 1 pg/pL of DNA arc used. 

2. Extract the DNA twice with an equal volume of phcnol/chloroform/isoamylalcohol 
and once with chloroform. 

3. Precipitate the DNA with 0.05 volumes of 5 M NaCl and 2.5 volumes of EtOH. and 
chill at -20"C (see Note 5). 

4. Just before electroporation, centrifuge at 4 : C. rinse the DNA with ice-cold 70% (v/v) 
EtOH. and allow it to air-dry for 20 min. 

5. Resuspend the DNA at 1 pg/pL with 0.1X TE. 

3.2. Transfection for Hemizygous Disruption 

1. Passage CHO/DG44 cells in T-175 flasks for 2-3 d before electroporation. For trans¬ 
fection. the fifth to tenth passages of monolayer cultured cells (50-60% confluent) 
arc used. 

2. Rinse the cell monolayer twice with PBS and expose to 5 mL of 0.05% (w/v) trypsin- 
PBS at 37"C for 5 min. After tapping the flasks several times, resuspend cells gently 
in 15 mL of IMDM-10% FBS medium. 

3. Centrifuge the cell suspension at 100 x g for 5 min and aspirate off the supernatant. 
Resuspend the cells gently in 10 mL of ice-cold K-PBS and put the cell suspension 
on ice. Determine the total cell number. 

4. Centrifuge the cell suspension again al 100 x g for 5 min and aspirate off the super¬ 
natant. then resuspend at a density of 8 x 10 6 cclls/mL. 

5. Mix gently 4 pg of linearized plasmid pKOFUT8Nco and 200 pL of cell suspension, 
then transfer to a prcchilled electroporation cuvet. Repeat the process for the required 
number of cuvets. Put the cuvet on ice for 10 min (see Note 6). 

6. After wiping and tapping one of the cuvets, place it in the electroporation holder. 
Electroporation is carried out at 350 V. 250 pF using Gene Pulser n (see Note 7). Repeat 
the process for the required number of cuvets. Put the cuvet on ice again for 10 min. 

7. Transfer the content of the cuvet into 10 mL of prewarmed IMDM-10% FBS medium 
and resuspend. Wash the inside of the cuvet once with the medium and combine with 
the cell suspension. Repeat the process for the required number of cuvets. 

8. Divide 5 mL of the cell suspension evenly between two 10-cm dishes, each contain¬ 
ing 5 mL of IMDM-10% FBS medium. 

9. Place the dishes for 18-24 h at 37“C in a 5% CO, atmosphere and change the 
medium to G418 selection medium. Culture them for 10-14 d, renewing every 3-4 d 
with G418 selection medium. 

3.3. Isolation of Drug-Resistant Colonies 

The protocols described in this section and in Subheading 3.4. follow the 

Ramircz-Solis microextraction method in a 96-well format (27). 

1. Dispense 100 pL of IMDM-10% FBS medium into each well of the required number 
of 96-wcll flat-bottomed plates and store the wells at 37°C until ready for use. 
Dispense 20 pL of 0.05% (w/v) trypsin-PBS into each well of the required number 
of 96-wcll round-bottomed plates. 
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2. A 10-cm dish in which G418-rcsistant colonics appear is rinsed twice with 7 mL of 
PBS. Then add 7 mL of PBS to the plate, enough to completely cover the surface of 
the dish. 

3. Using a sterile, disposable yellow microtip and a micropipet <c.g., Gilson's Pipetman 
P-100) set at 20 (lL. pick an isolated G418-rcsistant colony by gentle scraping and 
place it into a well of the 96-well round-bottomed plate containing 0.05% (w/v) 
trypsin-PBS. Using a new microtip for each colony, repeat the process until a colony 
has been placed into each required well of the 96-well plate (see Note 8). 

4. After incubating the plate at 37°C for 15-20 min. dispense 50 pL of IMDM-10% 
FBS into each well. Pipet up and down more than 10 times to disaggregate the cells 
and transfer the entire volume of cell suspension to the 96-well flat-bottomed plate 
containing IMDM-10% FBS medium. Repeat the process for the required number 
of plates. 

5. Place the plates at 37“C in a 5% CO ; atmosphere. The next day. change the medium to 
G418 selection medium. Culture for 3-5 d until the cells arc mote than 50'S confluent. 

6. Dispense 100 pL of IMDM-10% FBS medium into each well of the required number 
of new 96-well flat-bottomed plates and place them at 37=C until ready for use. 

7. Each well of the plates growing isolated G418-rcsistant cells is rinsed two to three 
times with 100 pL of PBS and exposed to 25 |iL of 0.05% (w/v) trypsin at 37°C for 
15-20 min. After tapping the plates several times, dispense 25 pL of MM-10% FBS 
and pipet up and down more than 10 times to disaggregate the cells. 

8. Dispense 50 pL of freezing medium to each well and pipet thoroughly. Then. 50 pL 
of each cell suspension is transferred to a new 96-well plate containing IMDM-10% 
FBS medium and suspended (replica plate). The plate containing the rest of the cell 
suspension (master plate) is sealed, wrapped with paper towels, and stored in a sty¬ 
rofoam box at -80"C. 

9. Place the replica plates at 37 D C in a 5% C0 2 atmosphere. The next day. change the 
medium for fresh IMDM-10% FBS medium. Culture for 3-5 d. 

3.4. Screening for Hemizygous Clones by Genomic PCR 

1. Each well of the replica plates growing cells is rinsed two to three times with 100 pL 
of PBS. Dispense 50 pL of lysis buffer into each well and incubate the plates 
overnight at 60®C in a humidified chamber such as a sealed plastic container with wet 
paper towels. 

2. Cool the plates to room temperature. Dispense 100 pL of NaOH/EtOH to each well and 
place at room temperature for more than 30 min until the precipitated DNA is visible. 

3. Invert the plate very slowly and discard the solution. Blot the plates gently on paper 
towels to discard the excess solution. 

4. Add 150 pL of 70% (v/v) EtOH to each well, invert the plate very slowly to discard 
the solution, and blot the plates gently on paper towels. Repeat the washing process 
three times. 

5. After the final wash, blot the plates gently on paper towels to discard the excess solu¬ 
tion and allow them to air-dry for 20 min. 

6. Dispense 30 pL of TE-RNasc into each well, scrape the bottom of each well with a 
microtip to detach the DNA. and mix very well by pipeting. Incubate the plates 
overnight at 37"C in a humidified chamber. 
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7. For PCR analysis. 10 pL of the DNA solution is used in 25 pL of reaction mixture 
containing Ex Tot/ polymerase. 0.2 pM dNTPs. 5% (v/v) dimcthylsulfoxide. 0.5 pAf 
forward primer S'-CIT GTG TGA CTC TTA ACT CTC AGA G-3'. and 0.5 pAf reverse 
primer 5'-GAG GCC ACT TGT GTA GCG CCA AGT G-3' (see Note 9). PCR is car¬ 
ried out by heating at 94°C for 3 min and subsequent 30 cycles of 94 : C for I min. 60°C 
for 1 min. and 72“C for 2 min. Positive clones arc identified by 1.8 Kb fragments 
specific for the recombinant FUTS locus by 1.75% (w/v) agarose gel electrophoresis. 

3.5. Diagnosis of Hemizygous Clones by Southern Blotting 

1. Dispense 500 pL of IMDM-10% FBS medium into each well of the required num¬ 
ber of 24-well flat-bottomed plates and place them at 37"C until ready for use. 

2. A master plate including a well of the genomic PCR-positivc clone described earlier 
is removed from the styrofoam box. stored at -80“C, and placed at 37°C in a 5% C0 2 
atmosphere for 10 min. 

3. Tiansfer the entire volume of the thawed cell suspension to a well containing IMDM- 
10% FBS medium and suspend. Place at 37°C in a 5% C0 2 atmosphere. 

4. The next day. change the medium to fresh IMDM-10% FBS medium. Culture 3-5 d 
until the cells are more than 50% confluent. 

5. Dispense 2 mL of IMDM-10% FBS medium into each well of the required number of 
6-wcll flat-bottomed plates and store them at 37 : C until ready for use. 

6. Rinse each well with 200 pL of PBS and expose to 100 pL of 0.05% (w/v) trypsin- 
PBS at 37 D C for 5 min. After tapping the plates several times, add 100 pL of 1MDM- 
10% FBS medium to each well and pipe! up and down. 

7. Transfer the entire volume of the cell suspension to a well containing 1MDM-10% 
FBS medium and suspend. Place at 37°C in a 5% C0 2 atmosphere. 

8. The next day. change the medium to fresh 1MDM-10% FBS medium. Culture 3-5 d 
until the cells are more than 70% confluent. 

9. Each well of the replica plates growing cells is rinsed two to three times with 1.5 mL 
of PBS. Dispense 1.5 mL of lysis buffer into each well and incubate the plates 
overnight at 60*C in a humidified chamber. 

10. Cool the plates to room temperature. Dispense 3 mL of NaOH/EtOH into each well 
pipet up and down very gently using a sterile, widc-borc blue microtip (c.g.. Rainin’s 
Wide-pore tips HR- 1000W). Then store the plates at room temperature for more than 30 
min until the precipitated DNA is visible. 

11. Using a sterile yellow microtip. scrape the bottom of a w ell gently to collect the DNA 
and hook the pellet. Rinse the pellet with ice-cold 70% (v/v) EtOH and allow it to 
air-diy for 20 min in a microtubc. 

12. Add 100-150 pL of TE-RNasc to each microtubc. Incubate the tubes overnight at 
37"C in a humidified chamber. Store at 4 : C. 

13. Cut 12 pg of DNA with 20 U of Nhel in 120 pL of reaction mixture. 

14. Precipitate the DNA with 1.2 |iL of 0.5 M EDTA. pH 8.0. and 300 pL of EtOH then 
chill at -20"C. Centrifuge at 4°C and discard the supernatant thoroughly. After air¬ 
drying for 10 min. resuspend the DNA with TE. 

15. Elcctrophorcsc 10 pg of DNA on 0.6% (w/v) agarose gel at 20 V. 

16. After nicking the DNA in the gel with an ultraviolet ctosslinkcr. transfer it by capil¬ 
lary blotting to a nylon membrane (Hybond-N*) with 0.4 N NaOH. 
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17. Rinse Ibe blotting membrane with 0.2 A/Tris-HCI. pH 73-2 x SSC and allow it aii-diy 
at room temperature. Bake the membrane at 80°C for 1-2 h. 

18. Prehybridize the blot with hybridization buffer containing thermal denatured ICO (ig/mL 
of salmon sperm DNA at 65 °C for 3 h. 

19. A Southern probe is prepared by PCR in 20 (iL of reaction mixture containing Ex Taq 
polymerase. 0.2 pAf dNTPs. 0.5 |iM forward primer 5'-GTG AGT CCA TGG CTG 
TCA CTG-3'. and 0.5 pAf reverse primer 5'-CCT GAC TTG GCT ATT CTC AG-3'. 
PCR is carried out by heating at 94°C for 1 min followed by 30 cycles of 94 : C for 
30 s. 55”C for 30 s. and 74”C for 1 min. Then. 230 bp of amplified fragment is puri¬ 
fied by 1.75% (w/v) agarose gel electrophoresis and labeled with (a-'-P)dCTP and 
Megaprime DNA labeling systems. The ,2 P-labeled probe is purified with Probe 
Quant G-50 Micro Columns. 

20. Hybridize the blot overnight with the ,; P-labclcd probe at 65°C. 

21. Wash the blot twice with 2 x SSPE-0.1 % (v/w) SDS at 65°C for 15 min and once with 
0.2 x SSPE-0 .\% (v/w) SDS at 65 ; C for 15 min. 

22. Expose the blot to X-ray film. A hemizygous clone gives 8.0 Kb of a wild-type 
allele-specific fragment and 9.5 Kb of a recombinant allclc-spccific fragment at a 
ratio of 1 : 1 . 

3.6. Establishment of Homozygous Disruptants 

1. Plasmid pKOFUTSPioo linearized with Sail (sec Subheading 3.1.) is introduced into 
the fifth to tenth passage of monolayer-cultured hemizygous disruptant cells (>50% con¬ 
fluent) as described in steps 1-8 of Subheading 32 Place the dishes for 18-24 h at 3? : C 
in a 5% CO, atmosphere and change the medium to G418/puromycin selection medium. 

2. Culture the dishes for 10-14 d. renewing them every 3-4 d with G418/puromycin 
selection medium (see Note 10). 

3. Drug-resistant colonics arc isolated and replica plates arc prepared as described in 
Subheading 33. 

4. Isolate genomic DNAs from each clone and subject them to Southern blot analysis as 
described in Subheading 3.5. A homozygous disruptant clone gives only 9.5 Kb of 
a recombinant allclc-spccific fragment. 

3.7. Cre Expression 

1. Plasmid pBS185 is introduced into the fifth to tenth passage of monolayer-cultured 
homozygous disruptant cells (>50% confluent). After transfection with a cuvet as 
described in steps 1-7 of Subheading 32. the cell suspension is diluted 1:2000 
with IMDM-10% FBS medium. Distribute 10 mL of the cell suspension into each 
10 -cm dish. 

2. Place the dishes for 18-24 h at 37 °C in a 5% CO, atmosphere and change the 
medium to fresh IMDM-10% FBS medium. Culture the dishes for 10-14 d. renew¬ 
ing them every 3-4 d with IMDM-10% FBS medium (see Note 11). 

3. Colonics arc isolated as described and replica plates are prepared as described in 
steps 1-8 of Subheading 33. 

4. Place the replica plates at 37 D C in a 5% C0 2 atmosphere. Hie next day. change the 
medium to G418/puromycin selection medium. Culture the plates for 10-14 d. 
renewing them every 3-4 d with G418/puromycin selection medium. 



14 


Yamane-Ohnuki el al. 


5. Identify the positive clone wells in which no cells arc viable. 

6. Isolate genomic DNAs from each identified clone and subject them to Southern blot 
analysis as described in Subheading 3.5. A recombinant clone in which the drug- 
resistance gene cassettes arc excluded from both FUTS alleles gives only 8.0 Kb of a 
recombinant allele-specific fragment 

4. Notes 

1. The CHO/DG44 cell line in which dihydrofolate reductase ( DHFR ) gene loci are 
deleted ( 28 ). is commonly used for mammalian recombinant protein production 
because the DHFR gene amplification system is available to yield high productivity. 
Several approved biopharmaccuticals have been manufactured by CHO/DG44. The 
cell line is a generous gift of Lawrence Chasin of Columbia University. Most 
CHO/DG44 clones have two FUTS loci (unpublished data). 

2. In brief, the vectors arc constructed as follows: first, a 9.0-Kb fragment of the 
FUT8 gene including the first coding exon is isolated by screening the CHO-K1 
cell /.-genomic library (Stratagcnc. La Jolla. CA) with the Chinese hamster FUT8 
eDNA as a probe. Second, a 234-bp segment containing the translation initiation 
site is replaced with either the Net/ or the Pun/ cassette, flanked by two loxP sites, 
from plasmid pKOSelectNco or pKOSclcctPuro (Lexicon. Woodlands. TX). respec¬ 
tively. Third, the DT cassette from plasmid pKOSclectDT (Lexicon) is inserted 
beyond the 5' homologous region on the vectors. The resulting targeting vectors. 
pKOFUTSNco and pKOFUT8Puro. include the 1.5 Kb 5' homologous sequence, 
the 5.3 Kb 3' homologous sequence, and a unique Sail site for linearization of 
the vectors. 

3. Do not use plasmid purification kits, even though the supplier's instructions say that 
kits arc available for large plasmids. When the kits arc used, the targeting vector plas¬ 
mids arc often easily denatured in the purification process. 

4. The Cre expression vector pBS185 is the generous gift of Invitrogen (formerly. Life 
Technologies). 

5. All steps subsequent to ethanol precipitation arc carried out in a sterile hood. Ethanol 
rinsing, air-drying, and resuspension of DNA arc performed by sterile techniques in 
parallel with cell preparation. 

6. We routinely prepare approx 20 cuvets containing DNA and cells in 10 min. and elec¬ 
troporate them in turn. 

7. Time constants arc approx 3.6-4.2 under this condition. 

8. It is important to pick colonics of various size and morphologies. Approxi¬ 
mately 20-30 minutes will have elapsed by the end of the picking process. For a 
positive control, leave one well blank at the bottom-right comer of each plate (see 
Note 9). 

9. We always use the blank well of each replica plate to hold the genome DNA of 
positive control cells, which have the extended 5' homologous sequence beyond 
the target region (out of EcoRV site; see Fig. 2) on the genome (see Note 8). 

10. Phenotypic selection is carried out in this step. Phenotypic selection drugs arc added 
to cell culture after 4-5 d. because the phenotypic changes in targeted clones appear 
about 3-4 d after transfection. 

11. We routinely obtain approx 200-400 colonics per dish. 
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Highly Proficient Gene Targeting by Homologous 
Recombination in the Human Pre-B Cell Line Nalm-6 

Noritaka Adachi, Aya Kurosawa, and Hidcki Koyama 


Summary 

(kot targeting provides a powerful means for studying gene Unction by a reverse genetic 
approach. Despite recent rapwl progress in gene knockdown technologies, gene knockout studies 
using human somatic cells will be of greater importance for analyzing the functions of human genes 
in greater detail. Although the frequency of gene targeting is typically very low in human cultured 
cells, we have recently shown that a human pcecursc* B cell line. Nalm-6. exceptionally allows fur 
high-efficiency gene targeting by homologous recombination. In addition, we have developed a quick 
and simplified method to construct gene-targeting vectors, which is applicable to all sequenced 
ceganisms as well as embryonic stem cells. The combination of the simplified vector construction 
technology and the highly efficient gene-knockout system using Nalm-6 celb has enabled us to dis¬ 
rupt virtually any locus of the hutrun geoome within one month. Our system will greatly facilitate 
geoe-knockout studies in human cells. 

Key Words: Colony formation; electroporation; gene targeting, genomic PCR; homologous 
recombination; Ku86; MultiSite Gateway technology; Nalm-6; nonhomologous end-joining; 
targeting vector. 

1. Introduction 

Gene targeting provides a powerful means of studying gene function by a reverse 
genetic approach ( 1 . 2 ). This technology relies on a homologous DNA recombina¬ 
tion reaction that occurs between a targeting vector and the host genome. In mice, 
a great number of genes have been knocked out thus far using embryonic stem (ES) 
cells, and their physiological functions have been elucidated. However, given 
species difference and distinct genetic backgrounds between humans and model 
organisms, gene-knockout studies using human somatic cells should be of greater 
importance when attempting to reliably analyze the function of human genes, par¬ 
ticularly for diagnostic and therapeutic purposes. However, in human cultured 
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cells, (he frequency of gene targeting is typically too low for such systematic 
genetic analysis to be feasible ( 2 . 3 ). Moreover, constructing targeting vectors 
involves time-consuming, complicated processes, being another rate-limiting step 
in gene-targeting experiments. To overcome these constraints in knocking out 
human genes, we have developed a novel system that enables rapid disruption of 
human genes of interest. Our system includes (1) a quick and simplified method 
for vector construction, which is based on the commercially available MultiSite 
Gateway* Technology ( 4 ). and (2) the use of a human precursor B cell line. 
Nalm-6, which appears highly proficient in homologous recombination ( 4 - 8 ). 
With this system, one can disrupt virtually any genomic locus within 1 month. 
Moreover, homozygous knockout mutants lacking a human gene of interest can 
be created within 2-3 months. 

The Nalm-6 cell line was established from the peripheral blood of a 19-year-old 
man with acute lymphoblastic leukemia ( 9 ). One of the premises of gene-targeting 
experiments would be the use of a cell line that is karyotypically stable. In this 
regard. Nalm-6 displays a stable diploid karyotype with a single reciprocal translo¬ 
cation ( 10 ). In addition. Nalm-6 has a doubling time of 20-22 h and a high plating 
efficiency of approx 80'& ( 6 ). Furthermore. Nalm-6 cells express normal p53 with 
wild-type functions ( 11 ). These advantageous properties of Nalm-6 further under¬ 
score its usefulness in gene-knockout studies of human genes. 

2. Materials 

2.1. Construction of Targeting Vectors 

1. ExTaq™ DNA polymerase (Takara Bio Inc.. Otsu. Japan). 

2. Polymerase chain reaction (PCR) primers (ire Note 1): kku86-l. 5'-GGGGA- 
CAACTTTGTATAGAAAAGTTGAGTGGTAGTTGTCTCTGA.AGGGTC-3'; 
kku86-2. 5'-GGGGACTGCTTmTGTACAAACTTGCAGCTGCCTGGAAA- 
CAAAGTTCCA-3'; kku86-3. 5'-GGGGACAGCTTTCTTGTACAAAGTGGTA 
AGATGGATGCTTGTCTAGGCGG-3': and kku86~4. 5'-GGGGACAACTTTG- 
TATAATAAAGnGTCCATGCTCACGATTAGTGCATCC-3'. 

3. MultiSite Gateway Three Fragment Vector Construction Kit (Invitrogen. Carlsbad. 
CA: see Note 2): pDONR P4-P1R and pDONR P2R-P3. BP clonase II enzyme mix. 
2 pg/pL proteinase K solution. 5X LR Clonase Plus reaction buffer, and LR Clonase 
Plus enzyme mix. 

4. Entry clones for selectable marker genes (pENTR kex-Hyg and pENTR lox-Puro) ( 4 ). 

5. pDEST DTA-MLS (a modified version of destination sector pDEST R4-R3; see 
Note 2) (4). 

6. Luria Beitani (LB) agar plates containing either kanamycin (50 pg/mL) or ampicillin 
(50 pg/mL). 

7. Restriction enzyme I-Sc*I, 10X I-Scel reaction buffer, and 10 mg/mL bovine scrum 
albumin (New England Biolabs. Beverly. MA). 

8. PCI: TE-saturatcd phcnol:chlorofoim:isoamyl alcohol equal to 25:24:1. Store at 4°C. 

9. Cl: chloroform:isoamyl alcohol = 24:1. Store at 4°C. 
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10. 3 Af Sodium acclalc. Dissolve 40.81 g of sodium acetate in 80 mL of water. Adjust 
to pH 5.2 with acetic acid. Add water to 100 mL. 

11. TE buffer: 10 mA/Tris-HCl. 0.1 mAf EDTA (pH 8.0). Store at 4 : C. 

2.2. Electroporation of Targeting Vector Into Nalm-6 Cells 

1. Growth medium: ES medium (Nissui Sciyaku Co.. Tokyo. Japan) supplemented with 
10% calf scrum (Hyclone. Logan. UT). and 50 pAf 2-mcrcaptocthanol. 

2. Mg 21 . Ca^-frcc saline G: 130 mAf NaCl. 5.3 mAf KQ. 1.1 mAf Na,HPO t . 1.1 mAf 
KHjP 0 4 . and 6.1 mAf glucose. Store at 4”C after autoclaving. 

3. 100 mAf MgCl 2 (filter-sterilized). Store at 4°C. 

4. 100 mAf CaCl, (filter-sterilized). Store at 4°C. 

5. Saline G (72): 130 mAf NaCl. 5.3 mAf KC1. 1.1 mAf Na^HPO,. 1.1 mAf KH ? PO t . 
6.1 mAf glucose. 0.49 mAf MgCL. and 0.9 mAf CaCL Add 2.5 mL of 100 mAf MgCl 2 
and 4.5 mL of 100 mAf CaCl 2 to 500 mL of Mg 2 *. Ca 2, -frcc saline G. Store at 4°C. 

6. Linearized targeting vector (I-Scel-digcsted pKU86-Hyg). 

2.3. Colony Formation 

1. 2.25X ES medium. Dissolve 21.8 g of powdered ES medium (Nissui Sciyaku Co.). 
4.7 g NaHCO,. 0.68 g glutamine, and 8.1 pL 2-mcrcaptocthanol in 1 L of water, and 
stir at room temperature for 30-60 min. Sterilize with a 0.22-pm-porc-sizc membrane 
filter and store at 4°C (tee Note 3). 

2. Calf serum (Hyclone). 

3. 0.33% (w/v) agarose solution. Dissolve ScaKcm LE agarose (Cambrcx Bio Science. 
Rockland. ME) in water. After autoclaving, keep at 60°C until immediately before use. 

4. Hygromycin B (filter-sterilized. 100 mg/mL). Store at 4°C. 

2.4. Colony Isolation and Selection of Targeted Clones 

1. Growth medium containing hygromycin B (0.4 mg/mL). 

2. Lysis buffer: 20 mAf Ths-HCl (pH 8.0). 250 mAf NaCl. and 1% (w/v) sodium dodc- 
cyl sulfate (SDS). 

3. Proteinase K (10 mg/mL). Store in aliquots at -20 ! C. 

4. Saturated NaCl solution. 

5. Tag DN'A polymerase. 

6. PCR primers: kku86-5. 5'-ATCGCGGTCAAGACAAAGAATGGG-3’; kku86-6. 5'- 
CAGCCTCCACATAGGCAGAATGTA-3': universal primer A. 5'-AATAATG- 
GnTClTAGACGTGCG-3'; and universal primer B. 5'-AGGTTCACTAGTACT- 
GGCCATTG-3' (4). 

2.5. Cre-Mediated Excision of Selection Marker 

1. Crc expression vector (pBS185. Invitrogcn). 

2. Growth medium. 

3. Saline G. 

4. 2.25X ES medium. 

5. Calf serum (Hyclone). 
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Fig. 1. Schematic representation of targeting vector construction. The method is based 
on the MultiSitc Gateway system, and consists of three steps: (1) genomic PCR to amplify 
urrB-flankcd 5'- and 3'-arms. (2) BP recombination to generate 5'- and 3'-cntiy clones (A), 
and (3) LR recombination between four plasmids to generate targeting vector (B). Triangles 
represent lox P sequences. For simplicity. pENTR lox-Puro is not shown. Hyg', 
hygromycin-rcsistance gene; DT-A. a gene that codes for a diphtheria toxin A frag¬ 
ment: Km', kanamycin-rcsistancc gene; Amp '. ampicillin-rcsistancc gene. 


6. 0.33% <w/v) agarose solution. 

7. Hygromycin B (filter-sterilized. 100 mg/mL). 

3. Methods 

To make the most of the MultiSitc Gateway system for simplifying targeting- 
vector construction, we have generated a series of entry clones for iloxcd drug- 
resistance genes (such as pENTR lox-Hyg. pENTR lox-Puro. and pENTR 
lox-His) and a modified version of destination vector. pDEST DTA-MLS. 
which possesses a diphtheria toxin A fragment (DT-A) gene as well as multiple 
linearization sites (Pad. SWal, I-Scd. Asel. and Pntel ) (4) (Fig. 1). Owing to 
the absence of any ligation steps and the presence of the multiple linearization 
sites, it is unnecessary to search for appropriate restriction sites for vector con- 
struction/lincarization. Additionally, the floxcd marker genes should be valu¬ 
able when attempting to knockout two or more genes, as a floxcd region can 
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Fig. 2. Heterozygous disruption of the human KU86 gene. (A) Scheme for KU86 dis¬ 
ruption in Nalm-6 cells. The human KU86 gene consists of 21 exons, located on chromo¬ 
some 2q35 (http://gcnomc.ucsc.edu). The targeting vector pKU86-Hyg is expected to 
delete exon 2 (and most part of intron 2) after homologous recombination. Arrows a-d 
stand for PCR primers: a. kku86-5; b. universal primer B: c. universal primer A: and d. 
kku86-6. (B) PCR analysis of targeted clones. Eighty-four hygromycin-rcsistant clones 
were screened for heterozygous disruption of the KUS6 gene, seven of which were con¬ 
firmed to be correctly targeted clones. 


easily be removed from the genome by transient expression of Cre recombina.se. 
In this chapter, we introduce the method to construct gene-targeting vectors for 
the human KU86 gene, the product of which is critical for the nonhomdogous 
end-joining pathway of DNA double-strand break repair (13-15). 

We also describe the protocols for DNA transfection and colony formation/iso- 
lation using human Nalm-6 cells. As in mouse ES cells, transfection of targeting 
vector should be achieved by electroporation. Despite an initial report of successful 
Nalm-6 gene targeting with the Gene Pulscr system (Bio-Rad, Hercules. CA) (5). 
at least in our hands, this system did not confer high transfection efficiencies (as low 
as 10- 7 ). We. therefore, describe the heterozygous disruption of the human KU86 
gene (Fig. 2) using our standard protocol with a Shimadzu machine that promises 
high transfection frequencies (~10-*). The Amaxa Nuclcofector technology is 
also recommended for transfection of Nalm-6 cells (Amaxa. Gaithersburg. MD: 
http://www.amaxa.com/nalm-60.html). 




ri <*i *r vi o r-' 


22 


Adachi el al. 


3.1. Construction of Targeting Vectors 

1. Amplify KUS6 genomic fragments by PCR with ExTaq™ DNA polymerase (see 
Note 4) using Nalm-6 genomic DNA as a template and primers kku86-l and kku86- 
2 for the 2.8-kb 5'-arm. and kku86-3 and kku86-4 for the 2.3-kb 3'-ann (Fig. 2A) 
(see Note 1). The PCR reaction should be performed in a more than 100-pL solu¬ 
tion (e.g.. 6 tubes of 20 pL solution) under the following condition: denaturation at 
94°C for 2 min. followed by 40 cycles of 94°C for 30 s. 68°C for 1 min. and 72"C 
for 2 min; and the final extension at 72”C for 5 min. 

Purify and quantitate the PCR products (see Note 5). 

Perform a BP recombination reaction between each u/;B-flanked PCR fragment and 
the orrP-containing donor vector (pDONR P4-P1R or pDONR P2R-P3). to generate 
entry clones. Add the following components to a 0.5-mL microccntrifugc tube at 
room temperature and mix well by vortexing: 

pDONR P4-P1R or pDONR 1 pL(150 ng) 

P2R-P3 (150 ng/pL) 

PCR product (<mB-flanked 50 fmoles 

5'- or 3'-arm) 

TE buffer (pH 8.0) 8 pL 

Vortex BP elonase n enzyme, mix briefly (see Note 6). Add 2 pL to the components 
above and mix well by vortexing briefly twice. 

Incubate at 25°C for 4-5 h. 

Ackl 1 pL of 2 pgpL proteinase K solution and incubate at 37°C for 10 min (see Note 7). 
Transform 5 pL of the reaction into 50 pL of competent Escherichia coti. Select for 
kanamycin-rcsistant clones on LB agar plates containing 50 pg/mL kanamycin (see 
Note 8). 

8. Pick 10-20 colonics to isolate plasmids by the standard alkalinc-SDS method, and 
clcctrophorcse the plasmids (circular DNA) on agarose gels (Fig. 3A). Check 2-3 
candidate plasmids by digesting with appropriate restriction enzymes, followed by 
agarose gel electrophoresis (see Note 9). 

9. Purify and quantitate the correct entry clones (Fig. 3B) (see Note 10). 

10. Perform a MultiSitc Gateway LR recombination reaction between the three entry 
clones (namely. 5'- and 3'-cntry clones, plus pENTR lox-Hyg or pENTR lox-Puro) 
and the modified destination vector pDEST DTA-MLS. to generate targeting vec¬ 
tors (pKU86-Hyg and pKU86-Puro). Add the following components to a 0.5-mL 
microccntrifugc tube at room temperature and mix well by vortexing: 


5X LR Clonasc Plus 

4 pL 

reaction buffer 


pDEST DTA-MLS (60 ng/pL) 

1 pL (60 ng) 

5'-Entry clone 

25 fmoles 

3'-Entry clone 

25 fmoles 

pENTR lox-Hyg or -Puro 

25 fmoles 

TE buffer (pH 8.0) 

16 pL 
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fig. 3. Agarose gel electrophoresis of candidate plasmids. Note that all the plasmids ate 
undigested and therefore circular. (A) Screening of 5'-cntry clone candidates after BP 
recombination- Clone 17 appears to base lost the ccdB gene, whereas the other plasmids arc 
all seemingly coned- (B) 5'- and 3'-entry clones purified with the QIAprep Spin Miniprep 
kit (C| Screening of targeting-sector candidates after LR recombination. All the plasmids 
arc seemingly coned, except that clone 10 has an extra band. (D) Targeting vectors pKU86- 
Hyg and pKU86-Puro purified with the Q1AGEN Plasmid Maxi kit 


11. Vortex LR Clonasc Plus enzyme, mix briefly. Add 4 pL to the components above and 
mix well by vortexing briefly twice. 

12. Incubate at 25°C for 16 h. 

13. Add 2 pL of 2 pg/pL proteinase K solution and incubate at 37°C for 10 min 
(see Note 7). 

14. Transform 5 pL of the reaction into 50 pL of competent £ coli. Sclcd for ampicillin- 
resislant clones on LB agar plates containing 50 pg/mL ampicillin (see Note 8). 

15. Pick 10-20 colonics to isolate plasmids by the standard alkaline-SDS method, and 
clcctrophorcsc the circular plasmids on agarose gels (Fig, 3C). Cheek 2-3 candidate 
plasmids by digesting with appropriate restriction enzymes, followed by agarose gel 
electrophoresis (see Note 9). 
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16. Propagate, purify, and quantitate the targeting vector (Fig. 3D) (see Note 11). 

17. Linearize the targeting vector by digesting with I-Seel. Add the following compo¬ 
nents to a 1.5-mL microcentrifugc tube, and incubate at 37 D C for 4 h to overnight (see 
Note 12): 


Targeting vector 

50 pg 

10X I-Scel buffer 

40 pL 

100X Bovine scrum albumin 

4 pL 

<10 mg/mL) 


I-Scel 

15 units 

Sterile water 

400 pL 


Add 0.4 mL of PCI and vortex well. 

Centrifuge at 12.000# for 5 min at room temperature. 

Transfer the upper aqueous phase to a new 1.5-mL microcentrifugc tube. 

Add 0.4 mL of Cl and vortex well. 

Centrifuge at 12.000# for 5 min at room temperature. 

Transfer the upper aqueous phase to a new 1.5-mL microcentrifugc tube. 

Add 40 pL of 3 M sodium acetate and 0.9 mL of EtOH. Mix well. 

Centrifuge at 12.000# for 5 min at room temperature. 

Wash the DNA pellet three times with 0.5 mL of 10 % EtOH. 

After the third centrifugation, aspirate the supernatant using a clean sterile pipet tip 
and dry the pellet in a sterile hood. 

28. Dissolve the pellet in TE buffer to a final DNA concentration of 2-4 pg/pL. 

3.2. Electroporation of Targeting Vector Into Nalm-6 Cells 

1. Maintain Nalm-6 cells in growth medium at 37°C in a humidified atmosphere of 5% 
CO, in air (see Note 13). 

2. Harvest cells (-8 x 10 4 logarithmically growing cells) in a 50-mL Falcon tube, and 
wash twice with prewarmed saline G (see Note 14). 

3. Resuspend the cells in fresh saline G (-40 pL), count the cells, and adjust the cell 
concentration to 1 x 10* cclls/mL with fresh saline G. 

4. Tfansfcr 40 pL (4 x 10 6 cells) to a 1.5-mL microcentrifugc tube, add 4 pg <1-2 pL) 
of linearized targeting vector (pKU86-Hyg; Fig. 2A). and mix well by pipeting. 

5. Transfer the sample into a 40-pL chamber (FTC-13; Shimadzu. Kyoto. Japan) (see 
Note 15). 

6. Set the chamber to the GTE-1 electroporation apparatus (Shimadzu. Kyoto. Japan) and 
apply an exponential electric pulse to the sample under the following condition: 
height. 300-400 V; width. 50 ps: intervals. 1.0 s; number, twice. 

7. Remove the chamber from the electroporation apparatus, and stand for 10-15 min at 
room temperature. 

8. Transfer the sample to a 60-mm dish containing 6 mL of growth medium, and mix 
well by stirring gently. 

9. Incubate for 20-22 h at 37”C in a humidified atmosphere of 5% CO, in air. 
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3.3. Colony Formation 

1. Preparation of 2X ES medium. Add 1 vol of calf scrum to 4 vol of 2.25X ES medium 
(see Note 3). Prewarm at 40*C before use (see Note 16). 

2 Preparation of agarose medium. Add an equal volume of 0.33% (w/v) agarose solu¬ 
tion to the prewarmed 2X ES medium, and mix well by stirring vigorously. Keep at 
40°C until immediately before use. 

3. Use an aliquot of the cell suspension (Subheading 3.2. step 8) to count the cells. 
Subsequently, use 100 pL to prepare a diluted cell suspension at the density of 
200 cclls/mL in growth medium (see Note 17). 

4. To estimate the plating efficiency, add 0.5 mL (100 cells) of the diluted cell 
suspension and 4.5 mL of agarose medium to two to three 60-mm dishes. Mix 
thoroughly by shaking and swirling the dishes to distribute cells evenly (see 
Note 17). 

5. To select fox transfected clones, aliquot 1 mL (—10 s cells) of the undiluted cell sus¬ 
pension into five 90-mm dishes. Add 40 pL of 100 mg/mL hygromycin B to each dish 
(see Note 18). The cell suspension and the drug solution should be put separately on 
the dish. 

6. Add 9 mL of agarose medium to each 90-mm dish. Mix thoroughly by shaking and 
swirling the dishes to distribute cells evenly. 

7. Stand at room temperature for 20-30 min to let the agarose harden. 

8. Incubate at 37"C for 2-3 wk in a humidified atmosphere of 5% CO, in air. to allow 
colony formation (see Note 19). 


3.4. Colony Isolation and Selection of Targeted Clones 

1. Aliquot 0.5 mL of growth medium containing 0.4 mg/mL hygromycin B to each well 
of 48-well multiwell plates (see Note 20). 

2. Pick 50-200 visible, isolated drug-resistant colonies with yellow or blue pipet tips, and 
transfer to hygromycin-containing medium. Suspend well by pipeting. 

3. Culture at 37 : C for 2-3 d in a humidified atmosphere of 5% CO, in air. 

4. Transfer each cell culture to a 1.5-mL microcentrifugc tube (see Note 21) and cen¬ 
trifuge at 5600-6100? for 5-10 min at room temperature. 

5. After discarding the supernatant, add 270 pL of lysis buffer and 1 pL of 10 mg/mL 
proteinase K. Incubate at 37"C overnight or at 55‘C for 1 h. 

6. Add 80 pL of saturated NaCl solution and mix well. 

7. Add 0.9 mL of EtOH and mix well. 

8. Centrifuge at 12.000? for 15 min at 4°C. 

9. Wash the pellet twice with 0.5 mL of 70% EtOH. 

10. Dissolve the pellet in 30-100 pL of TE buffer. 

11. Perform PCR analysis to detect targeted clones. Use primers kku86-5 and uni¬ 
versal primer B. or kku86-6 and universal primer A (Fig. 2B). The PCR condition 
is: denaturation at 94 D C for 2 min. followed by 40 cycles of 94°C for 30 s. 68 : C 
for 1 min. and 72 = C for 2 min; and the final extension at 72°C for 5 min (see 
Note 22). 
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3.5. Cre-Mediated Excision of Selection Marker 

1. Tfansfcct Crc expression vector (4 (ig) into Nalra-6 cells of interest as described in 
Subheading 3.2.. to allow transient expression of Crc. a site-specific rccombinasc for 
loxP sequences. 

2. Replatc an aliquot (100 cells) of transfected cells into agarose medium without drug 
selection (see Note 23). This can be performed as described in Subheading 3J. 
(Note that Subheading 3.3.. steps 5 and 6 arc unnecessary). 

3. Pick approx 50 visible, isolated colonics with yellow or blue pipet tips, and transfer to 
drug-free medium. Suspend well by pipeting. 

4. Culture at 37 : C for 2-3 d in a humidified atmosphere of 5% CO : in air. 

5. Split each cell culture into two separate wells containing fresh growth medium with 
or without selection drug. Compare the growth of cells in drug-containing wells and 
control wells (no drugs) to select for clones that have lost the drug-resistance mar kerfs) 
(set Note 24). 

4. Notes 

1. All the PCR primers to amplify genomic fragments should contain four G residues at 
the 5'-cnd. followed by an appropriate ortB sequence. Thus, the DNA sequences for 
<urB4. urtBl. <rr/B2. and unB3 containing primers arc: 5'-GGGGACAAC1TTC- 
7\TAGAAAAGTTG. 5'-GGGGACTGCTTTmGTACAAACTTG. 5'-GGGGAC 
AGCTnCTTGTACAAAGTGG. and 5'-GGGG AC AACTTTGTATAATAAAGTTG. 
respectively, followed by gene-specific sequences. In general. PCR amplification of 
highly GC-rich regions should be avoided. Also, care must be taken to ensure that the 
primers do not hybridize with repetitive DNA sequences such as Alu. It is strongly rec¬ 
ommended to use the genome browser of the University of California at Santa Cruz 
(http://gcnoroe.ucsc.edu) to examine the organization of a human gene of interest and find 
the best strategy for krxxking out the gene, particularly for PCR and Southern analysis. 
Ad example of sueh analysis for the KU86 locus (also called XRCC5) is shown in Fig. 4. 

2. Use ccdS-rcsistant E. coli strain (such as DB3.1 carrying the gyrA462 gene) to prop¬ 
agate pDEST DTA-MLS as well as pDONR P4-P1R and pDONR P2R-P3. as these 
plasmids harbor the ccdB gene. 

3. To avoid generation of white precipitates, it is advised not to prewarm 2.25X ES 
medium at more than 37"C before scrum addition. 

4. For PCR amplification of each arm. the use of high-fidelity Taq DNA polymerase is 
recommended. 

5. For purification of PCR products, we routinely use Wizard* SV Gel and PCR Clean- 
Up System (cat. no. A9282. Promcga. Madison. WI). 

6. It is recommended to avoid repeated frcczc-thaw cycles. 

7. These reaction mixtures can be stored at -20°C for a week. 

8. It is important to use recA~ tndA~ E. coli strain with high competency (-10 9 c.f.u.). 
Also, F cpisomc-containing E. coli should not be used, as the ccdA gene will prevent 
negative selection with the ccdB gene. 

9. PCR screening using the original. arrB-containing primers is also feasible; however, 
it should be kept in mind that some PCR-positivc plasmids arc not true recombinants. 
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10. We routinely use QIAprcp® Spin Miniprcp kit (cat no. 27106. Q1AGEN Inc.. 
Valencia. CA). Final plasmid concentration should be 80-100 ng/pL. 

11. For this purpose, wc routinely use 300 mL overnight £ coll culture and QIAGEN® 
Plasmid Maxi kit (cat. no. 12163. QIAGEN Inc ). 

12. Other restriction enzymes may be used for sector linearization; for example. Pad, AtuL 
Arc!, and Find arc located at the multiple linearization sites and AfuD in the Amp' gene. 

13. RPMI1640 medium (supplemented with 10% scrum, 50 pW 2-mercaptocthanol. and 
appropriate antibiotics) is also recommended for Naim-6 cell culture. 

14. Saline G may be replaced with PBS. especially when the Amaxa Nuclcofcctor tech¬ 
nology is used for transfection. 

15. Care should be taken not to cause air bubbles. 

16. 2X ES medium can be stored for several weeks at 4 C C. 

17. These steps (Subheading 3 J.. steps 3 and 4) can be omitted if the calculation of plat¬ 
ing efficiency is unnecessary. It is also important to note that colony formation can 
be performed simply by diluting the cell suspension and dividing cells into 96-wcll 
multiwcll plates; so that each well contains approx 5000 cells per 200 |iL of growth 
medium containing 0.4 mg/mL hygromycin B. 

18. Add 25 pL of 200 pg/mL puromycin (filter-sterilized), instead of hygromycin B. if 
pKU86-Puro was used for gene targeting. 

19. It is important not to move the agarose dishes during colony formation. 

20. Aliquot 1 mL to each well when 24-well multiwell plates arc used. For puromycin 
selection, use growth medium containing 0.5 pg/mL puromycin. 

21. It is vitally important not to use all the cell culture for DNA isolation. Thus, each cell 
culture must be split into fresh growth medium before DNA isolation. In case PCR- 
based screening takes longer than expected, it is recommended to store each clone at 
-80°C after mixing with an equal volume of growth medium containing 20% 
dimethyl sulfoxide. 

22. Although the genomic PCR-bascd method is effective in initial screening for tar¬ 
geted clones, it should be kept in mind that some PCR-positive clones do not have 
any disrupted allele, presumably because of abortive targeting events (16). Therefore. 
Southern blot analysis using external probes is indispensable for selection and veri¬ 
fication of correctly targeted clones, where the intensity of a band corresponding to 
the disrupted allele should be the same as that of wild-type allele. 

23. Overnight prcincubation before replating (Subheading 3.2.. step 9) can be omitted. 

24. In addition to the drug sensitivity test, it is desirable to perform Southern blot analy¬ 
sis to verify the marker removal. Removal of drug-resistance markcr(s) is useful for 
repeated use of the same targeting vector as well as for creating mutant cell lines 
lacking two or more genes. 
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Robust Cell Line Development Using Meganucleases 

Jean-Pierre Caban iols and Fr6d£ric Paques 


Summary 

Cell line development foe piotein production or fee the screening of drug targets requires the 
reproducible and stable expeesnuo of transgenes. Such cell line* can be engineered with meganu¬ 
cleases. sequence-specific endonuclease* that recognize large DMA target sites. These protein* are 
powerful tools foe genome engineering because the)' can increase homologous gene targeting by 
several ueder* of magnitude in the vicinity of their cleavage site. Here, we describe in details the use 
ol meganuclease* lor gene targeting in Chinese hamster ovary-Kl cells, with a special emphasis on 
a gene insertion procedure using a promoter-les* marker gene for selection. We have also monitored 
the eipeessioo ol genes insetted by megamieleotes-induced recombinafioo. and show that e»p«es- 
sion is reproducible among dilfereot targeted ckmes. and stable over a 4 mo penod. These experi¬ 
ment* were conducted with the natural yeast 1 -Scel nieganuelease. but the general design and 
process can also be applied to engineered meganuclease*. 

Key Words: Cell line development; double-strand break; gene targeting; homologous recombi¬ 
nation; 1 -SceI; meganucleases; protein production. 

t. Introduction 

Homologous recombination is a powerful lool for genome engineering. Since 
the first gene targeting experiments in yeast more than 25 yr ago ( 12 ). homologous 
recombination (HR) has been used to insert, replace, or delete genomic sequences 
in a variety of cells ( 3 - 5 ). However, targeted events occur at a very low frequency 
in mammalian cells. The frequency of HR can be significantly increased by a 
specific DNA double-strand break (DSB) in the targeted locus ( 6 . 7 ). Such DSBs 
can be delivered with mcganucleascs. sequence-specific endonucleases that recog¬ 
nize large DNA target sites (>12 bp). Because of their exquisite specificity, these 
proteins can cleave a unique chromosomal sequence without affecting global 
genome integrity. Natural mcganucleascs are essentially represented by homing 
endonucleases, a widespread class of proteins found in eukaryotes, bacteiia, and 
archac ( 8 ). Early studies of the I-5ceI and homothalic switching endonuclease 
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Mind by: G Dwb ind K. |. Ki«ci C Human Plat Inc. Idler..* NJ 


31 



32 


Cabaniols and Piques 


have illustrated how the cleavage activity of these proteins initiates HR events in 
living cells and demonstrated the recombinogenic properties of chromosomal 
DNA DSBs (9.10). Since then, meganucleases-induccd recombination has been 
successfully used for genome engineering purposes in bacteria (II), mammalian 
cells (6.7.12-14), mice (IS), and plants (16,17). 

However, the use of meganucleases-induccd recombination has long been lim¬ 
ited by the repertoire of natural meganuclcases: although several hundreds of 
other meganucleases had been identified in between (8), the diversity of cleavable 
sequences was too limited to address the complexity of genomes. In fact, only 
artificial loci, wherein an I-Scel cleavage site had been introduced, could be engi¬ 
neered. Recently, the making of artificial meganucleases, based on homing 
endonucleases (18,19) or zinc-finger proteins (20.21). has considerably enlarged 
the number of sequences that can be targeted. The production of such new pro¬ 
teins opens the door for the engineering of natural chromosomal sequences. 

Here we present a general overview on how to use meganucleascs to induce gene 
correction, gene insertion, or gene replacement. We provide precise protocols for 
the creation and characterization of gene targeting events, and give a brief survey of 
the impact of insertion or deletion size on the efficiency of the process, with a spe¬ 
cial emphasis on gene insertion. Gene insertion can be used, for example, to insert 
genes of interest in specific loci, for heterologous protein production. Recombinant 
therapeutic proteins are today mostly produced in mammalian cells such as Chinese 
hamster ovary (CHO). mouse SP2J0 and NSO cells, or the human PeiC.6 cell line, 
stably transfected with the gene of interest (22). In the process of selecting highly 
expressing clones, the level and stability of protein expression are two major criteria. 
Furthermore, obtaining reproducible results from one clone to another would be an 
advantage in terms of screening efforts. These principles also apply to the generation 
of cells for screening of specific dmg targets such as G protein-coupled receptors. 
In order, to illustrate the various advantages of meganucleases-induccd gene targeting 
for this specific kind of application, we provide protocols to monitor the expression 
of inserted genes and data of expression stability following gene targeting. 

In all the experiments described in Subheading 3.. we use the bScel meganucle¬ 
ase. which remains today the “gold standard" for DSB-induced recombination, in 
terms of efficacy and specificity. However, the same protocols can be used to 
induce similar levels of gene correction or insertion w'lth engineered meganucleascs 
derived from the I-Crel homing endonuclease, which were described in recent 
reports (18.19). 

2. Materials 

2.1. Cell Culture and Transfection 

1. Phosphate-buffered saline (PBS) (Invitrogcn-Lifc Science. Carlsbad. CA). 

2. Kaighn’s modified F-12 medium (F12-K) (Invitrogcn-Lifc Science) is supplemented 
with 2 m M L-glutaminc, penicillin (100 UI/mL). streptomycin (100 pgAnL). amphotericin B 
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(Fongizone) (0.25 pg/mL) (Invitrogcn-Lifc Science), and 10% fetal bovine serum 
(Sigma-Aldrich Chimie. Si. Louis. MO). 

3. Freezing medium: complete F12-K medium supplemented with 10% Dimcthyl- 
sulfoxydc. 

4. Puromycin dihydrochloiidc (Sigma-Aldrich Chimie). For CHO-K1, the concentra¬ 
tion of 10 pg/mL is used. 

5. Hygromycin B solution (Sigma-Aldrich Chimie). For CHO-K1. the concentration of 
0.6 mg/mL is used. 

6. Ttypsin-EDTA solution (Invitrogcn-Lifc Science). 

7. Vcrsenc solution (Invitrogcn-Lifc Science). 

2.2. Molecular Characterization of Targeted Events by Southern Blot 
Using Nonradioactive Probes 

2.2.1. Genomic DNA (gDNA) Preparation and Digestion 

1. gDNA lysis buffer: 0.5% sodium dodccyl sulfate (SDS). 40 mAf Tris-HCl. 40 mAf 
EDTA. 200 mAf NaCL pH 7.5. Store at 4°C. 

2. Proteinase K (20 mg/mL) (Eurobio. Lcs Ulis. France). 

3. TE buffer: 10 mVf Tris-HCl. 1 mAf EDTA. pH 8.0. 

2.2.2. DNA Electrophoresis and Transfer 

1. Running buffer 0.5X Tris-acetate EDTA: 20 mAf Tris-acetate. 1 mAf EDTA pH 8.0. 
Prepare a 50X stock solution. 

2. Dcnaturation buffer: 0.5 Af NaOH. 1.5 Af NaCl. Store at room temperature. 

3. Neutralization buffer: 0.5 Af Tris-HCl (pH 7.4). 1.5 Af NaCl. Store at room temperature. 

4. TYansfer buffer: 10X SSC (1.5 Af NaCl. 0.15 Af Na-citratc). Make 20X stock solution. 
Store at room temperature. 

5. Hybond N* membrane (Amcrsham. Little Chalfont. England). 

6. 3 MM Chr Whatraann paper (Schleicher and Schuell. Maidstone. England). 

2.2.3. Probe Labeling 

1. Digoxvgcnin (DIG) DNA-labcling kit (Roche Diagnostics. Mannheim. Germany). 

2. Nudcospin column (Machcrey-Nagcl. DUrcn. Germany). 

2.2.4. Hybridization 

1. Hybridization buffer: 0.5 Af phosphate buffer pH 7.2. 7% SDS. 1 mAf EDTA. Store 
at room temperature. 

2.2.5. Wash and Anti-DIG Probing 

1. Wash buffer: 40 mAf phosphate buffer pH 7.2. 1% SDS. Store at room temperature. 

2. Buffer I: 0.1 Af maleic acid. 0.15 Af NaCl. pH 7.5. Prepare a 10X stock solution. 
Adjust pH with NaOH. Store at room temperature. Add 0.3% Tween-20 before use. 

3. Buffer D: buffer 1 supplemented with 10% (v/v) blocking reagent. 

4. Buffer Iff: 100 mAf Ttis-HCl pH 95. 100 mAf NaCl. 50 mAf MgCl,. Store at room 
temperature. 
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5. Alkaline phosphatase-conjugated anti-DIG Fab (Roche Diagnostics. Mannheim. 
Germany). Store at 4°C. 

6. Blocking reagent 10X (Roche Diagnostics. Mannheim. Germany). Store at 4°C. 

7. CDP star—chemiluminescence substrate for alkaline phosphatase—(Roche Diagnostics. 
Mannheim. Germany). Store at 4°C. 

2.3. Protein Production 

2.3.1. Measure of p -Galactosidase Activity 

1. Lysis buffer: 10 mA/Tris-HCl pH 7.5. 150 mM NaCl. 0.1% Triton X-100. Store 
at 4°C. 

2. 100X Mg buffer: 100 m M MgCl ; . 35% p-mcrcaptocthanol. Store at room temperature. 

3. Orthonitrophcnyl-p-D-galactopyranosidc (ONPG): prepare a 8 mg/mL solution in 
water. Store at -20=C. 

4. 0.1 M Na J HP0 4 /NaH 2 P0 4 pH 7.5. 

2.3.2. Antibodies and FACS Reagents 

1. Biotin-conjugated mouse antihuman CD4 monoclonal antibody (Bccton Dickinson. 
San Jose. CA). 

2. Biotin-conjugated mouse isotype control monoclonal antibody (Bccton Dickinson). 

3. Strcptavidin-conjugated PhycoErythrin (Streptavidin-PE) (Bccton Dickinson). 

4. FACS buffer: PBS supplemented with 2 % fetal bovine scrum. 

3. Methods 

Meganucleases (and more generally gene targeting) can be used to trigger gene 
correction as well as gene insertion, deletion, or replacement. Obtaining the desired 
kind of events does not simply depend on a standard protocol, but also on the design 
of the targeting vector, also referred to as “repair matrix/’ because they actually pro¬ 
vide a matrix or template for the DSB-repair process initiated by I -Seel and other 
meganueleases. In this chapter, we will provide a few examples for the design of the 
repair matrix for gene correction, gene insertion, and gene replacement. 

We take, as an example, experiments that were performed on a model cell line 
with a puromycin-resistance marker as target gene. This gene is under the tran¬ 
scriptional control of the human EFla promoter, and about 1 kb of additional 
EFla sequences, corresponding to the two first untranslated exons and first 
intron. are present between the promoter and the puromyc in-resistance gene. 
Furthermore, a cleavage site for the natural endonuclease i-Scel was inserted 
132 bp downstream of the ATG of puromycin-resistance gene, thus inactivating 
this gene. The construct has been stably integrated in CHO-K1 cell genome in 
single copy. Then, different repair matrix were constructed, to modify this locus 
by gene targeting. 

The first repair matrix was designed for the correction of the puromycin- 
resistance gene (Fig. 1A). Gene correction should result in the removal of 22 bp 
including the I-^Scel cleavage site, and the consequent restoration of a functional 
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Fig. 1. Design of reporter system and repair matrix for gene correction (A), gene inser¬ 
tion (B). and gene replacement (C). The puromycin-rcsistancc gene is interrupted by an 
1-See I cleavage site (CS) and under the control of the EFla promoter. For gene correction, 
the repair matrix includes 1.8 kb of homologous sequence corresponding to the two 
untranslated exons (El. E2) and first intron and a lull length puromycin gene. For gene 
insertion, the repair matrix corresponds to a promotcr-lcss hygromycin-rcsistancc gene 
alone or with a complete expression cassette that is flanked by two stretches of homolo¬ 
gous sequences (1.1 kb and 2.3 kb). The repair matrix for gene replacement is very simi¬ 
lar to the insertion matrix except that (i) the 3’ homology sequence starts after the 
puromycin polyA signal (ii) all sequences from the puromycin-rcsistancc gene have been 
removed from the 5' homologous sequence. Homology lengths arc depicted by hatched 
boxes. GOI stands for gene of interest O-galactosidasc or CD4 in this study). 


puromycin-resistance cassette. The gene correction matrix includes a noninterrupted 
puro K gene, with EFla sequences in 5' (these sequences include exon 1 and 2 and 
rntron 1 . but not the promoter). It shares a total of 1.8 kb of homology” with the 
targeted locus, with 1.1 kb in 5' of the I-Scel site, and 0.7 kb in 3'. 

Second, a scries of three insertion vectors were designed by cloning inserts of 
various sizes in the puromycin-resistance gene (Fig. IB). These repair matrix are 
intended to insert novel sequences within the targeted locus. The heterologous 
inserts arc surrounded by 1.1 kb of homologous sequences in 5' (the EFla exons 
and intron), and 2.3 kb in 3' (longer than in the gene correction vector). The simplest 
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insertion vector includes a promoter-less hygromycin-resistance cassette of 
1.3 kb. whereas the twx) others contain an additional expression cassette, coding for 
the Escherichia coli (i-galactosidase enzyme or the human CD4 transmembrane 
protein, and resulting in total inserts length of 5.5 and 4.4 kb, respectively. Note 
that in these insertion vectors, the hyg romycin - res i stance gene is modified by 
addition in its 5' end of the first 132 bp (44 first amino acids) of the puromycin - 
resistance gene (132 bp upstream of the 1-SceI site), resulting m the production of 
a fusion protein that confers resistance to hygromycin B. 

Third, one can envision, in several applications, the total replacement of the 
puromycin-resistance gene by another selection marker. To meet this purpose, a 
gene replacement vector was produced by modifying the 3' homologous sequence 
of the first gene insertion vector (Fig, 1C). In this construct, the 3' homologous 
sequence (about 2 kb in length) started 2 kb after the end of the puromycin-resistance 
ORF, and all sequences from the puromycin-resistance gene (132 bp) have been 
removed from the 5' homologous sequence (for a total deletion of 3 kb). The 5' 
homologous sequence is also modified by removing all sequences from the 
puromycin-resistance gene. 

In the experiments described in Subheading 3.. the repair matrix and the l-Scel 
expression vector (Fig, 1) are cotransfected in our model cell line. For maximal 
efficiency, we use a vector wherein l-Scel is placed under the control of the 
cytomeganlovirus promoter and described in a former report (7). On targeted inser¬ 
tion. the functional puromycin- or hygromycin - resistance gene is placed down¬ 
stream of the EFla sequences, and transcribed from the EFla promoter. In 
contrast, random insertion will not create an expressed puromycin or hygromycin¬ 
resistance cassette unless the cassette is fortuitously inserted just downstream of a 
functional promoter. As such “promoter trap M events are supposed to be very rare, 
our system allows for a considerable enrichment for targeted events among trans¬ 
formed puro k or hygro 1 * cell lines. This kind of “refinement’ 1 is not compulsory, 
but can greatly simplify the task of the researcher. 

3. 1. Cell Transfection and Selection 

1. All the transfection experiments were done with the Amaxa Electroporation sys¬ 
tem (A max a GmbH. Koeln. Germany), which ensures more than 50% transfection 
efficiency. 

2. The adherent cells arc washed once with PBS. then incubated with trypsin-EDTA 
solution for 5' at 37°C and collected in a 15-mL conical tube (Note 1). After centrifu¬ 
gation at 300g for 5 min. the supernatant is discarded and the cell pellet is resus¬ 
pended in 10 mL of complete F12K medium. Cells arc numerated, centrifuged again, 
and adjusted at the concentration of 2 x 10 7 cclls/mL in Amaxa solution T. 

3. 2-15 pg of plasmid DNA (Note 2) is added to 100 pL of cells (2 x 10 6 cells) in an 
Amaxa electroporation cuvet. The cells and DNA arc gently mixed before insertion 
in the electroporation chamber of the Amaxa electroporation apparatus (Note 3). For 
CHO-K1 cells, the manufacturer recommends the use of program U-23. 
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4. Aflci electroporation. 0.5 mL of prewarmed complete F12K medium is added to the 
cuvet and cells arc gently transferred into a 10-cm culture dish containing 10 mL of 
prewarmed complete F12K medium. Dishes arc incubated in a 37 : C. 5 % CO ? humid¬ 
ified incubator for 24 h. 

5. After a 24 h recovery period, transfected cells arc washed once with PBS. then incu¬ 
bated with trypsin-EDTA solution for 5' at 37"C and collected in a 15-mL conical 
tube. Cells arc counted and cloned in 96-we 11 plates at the density of 500 cells/well 
in complete F12K medium supplemented with the selecting reagent. Examples of 
selecting reagent: puromycin solution is added at the final concentration of 
10 pg/mL. Hygromycin B solution is added at the final concentration of 0.6 mg/mL. 

6. About 10 d later, puromycin (puro* 1 )- or hygromycin (hygro* (-resistant clones can be 
counted. Positive clones arc amplified by sequential passage onto 12-well plates. 
6-well plates, and finally 10-cm dishes. The selecting agent is maintained through all 
these steps. At this point, clones arc cryo-conscrvcd in freezing medium. 

The frequencies of puro R and hygro** cells are summarized in Table 1 . These 
frequencies are established by dividing the number of wells containing puro R and 
hygro* cells by the total number of plated cells (For puro* cells, this number is 
an underestimation: if puro R cells occur at a frequency of 3 X 10~ J . and if 500 cells 
were plated per well, there might be two puro** clones in several). However, such 
phenotypes can result either from gene targeting, or from random integration of 
the repair matrix downstream of an active promoter. Indeed, hygro*-resistant 
clones (but for unknown reasons, no puro R clone) were also obtained when the 
repair matrix were transfected without the 1-SeeI expressing vector (Table 1). 
Therefore, the frequencies of targeted events can only be obtained after molecu¬ 
lar characterization. 

3.2. Molecular Characterization of Targeted Events by Southern Blot 
Using Nonradioactive Probes 

To identify targeted events, the gDNA of hygro R and puro R clones can be 
analyzed by Southern blotting, using restriction enzymes that will discriminate 
targeted loci from nonrecombined ones. An example is shown on Fig. 2. 

3.2.1. gDNA Preparation and Digestion 

1. Confluent cells from 10-cm dish arc collected in a 15-mL conical tube. Cells arc 
washed once with PBS. After centrifugation (300g) supernatants arc discarded and 
cell pellets arc thoroughly vortexed. 

2. 500 pL of gDNA lysis buffer is added to cell pellets and incubated at room tempera¬ 
ture for 30 min. 15 pL of proteinase K solution (20 mg/mL) is added to the lysates. 
Incubate at 56°C overnight. 

3. The next day. 10 mL of ethanol 85^ is added. Mix gently then incubate for 10 min 
at room temperature. The gDNA pellet will sediment at the bottom of the tube. 

4. DNA pellet is transferred in a 1.5-mL microfugc tube and centrifuged at 16.000g for 
30 min at 4 : C. Supernatants arc discarded. DNA pellets arc rinsed with 0.5 mL 
ethanol 705&. centrifuged again for 10 min at I6,000g. A maximum of ethanol is 
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Fig. 2. Southern blot analysis of hygto R clones using nonradioactive probes. Here, wc 
present the analysis of clones obtained with the repair matrix containing the hygnA-LacZ 
5.5 kb insert (A) Principle of analysis. gDNA is digested with restriction enzymes Bg/n 
and Eco RV. After electrophoresis and DNA transfer, the blot is hybridized with a probe 
corresponding to the first intron. In the parental clone, a 10 kb band corresponding to the 
nontargeted puro R locus should be detected. On targeted insertion of the hygnAv.LacZ 
cassette, the 10 kb band disappears and should be replaced by a 5.2 kb band. In nontar¬ 
geted clones, additional bands of various sizes correspond to random insertion of the 
repair matrix. (B) Southern blotting. Lane I; control parental cell line, lane 2: CHO-K1 
cell line before transformation with reporter cassette. lane 3: linearized repair matrix plas¬ 
mid. lanes 4-20; hygro" clones selected after transfection. Random insertion is observed 
in lanes 4-7. Lane 8 likely corresponds to integration of the hygio* ORF without the 
intron. Targeted insertion is observed in lanes 9-11 and 13-20. Targeted insertion can also 
be associated with random insertion, revealed by an additional band (lane 12 ). 


removed. DNA pellets arc dried for 5 min at 3?‘C (Note 4) before the addition of 
100-200 pL of TE buffer. Resuspended DNA is incubated at 65*C until complete disso¬ 
lution (Note 5). DNA concentration is measured at 260 nm with a spectrophotometer. 

5. Usually. 10 pg of gDNA is digested overnight with a two- to fivefold excess of enzymes. 

3.2.2. DNA Electrophoresis and Transfer 

1. Digested gDNA are loaded on a 0.8$ agarose gel in 0.5X Tris-acctate EDTA buffer 
and run at 5 V/cm for 1 h then 8.3 V/cm for 4-5 h for a total migration length of 
12-14 cm (Note 6). Take a photograph. 

2 The gel is soaked first in denaturation buffer for 30 min at room temperature under gen¬ 
tle agitation, then in neutralization buffer for 30 min and again in new neutralization 
buffer for 15°C. Finally the gel is soaked in 10X SSC for 5°C. 
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3. The separated DNA is blotted onto Hybond N* nylon membrane by capillarity in 
10X SSC overnight. Briefly, the gel is positioned on a piece of Whatmann 3 MM 
paper that has been previously soaked in transfer buffer. The extremities of the paper 
are lying in a tank containing the transfer buffer. The piece of nylon membrane (pre¬ 
viously soaked in ddH,0) is placed on the top of the gel and air bubbles arc removed 
by rolling a clean plastic pipet. Three sheets of Whatmann 3 MM paper arc placed 
onto the membrane. The upward flow of buffer will be ensured by a stack of paper 
towels positioned on the top. Finally, a glass plate with a weight is applied to main¬ 
tain a tight connection between the layers. 

4. The next morning, the membrane is removed from the transfer system and incubated 
a few minutes in 40 m-Vf Na ; HP04. The membrane is then dried on a piece of 
Whatmann 3 MM paper and DNA is cross-linked to the membrane using a 
Ultraviolet Stratalinkcr (Stratagcnc) (Note 7). 

3.2.3. Probe Labeling 

1. 1 pg of DNA probe (between 500 bp and 1 Kb long) is denatured for 10 min at lOCC 
in a water bath. 

2. The denatured DNA is labeled with Klenow enzyme (12 IU) in the presence of ran¬ 
dom hexamer oligonucleotides, dcoxynuclcotidcs. and DIG-conjugatcd dUTP at 
37°C overnight in a final reaction volume of 100 pL. 

3. The next day. the probe is purified on a Nuclcospin column (Machcrcy—Nagel. 
Duren, Germany) and aliquoted. The probe aliquots arc stored at -20 C C until use. 

3.2.4. Hybridization 

1. The membrane is soaked in ddH,0 for 5 min then placed into a hybridization bottle 
with 20 mL of hybridization buffer. The bottle is incubated for 1 h in a hybridization 
oven at 68°C. 

2. The DIG-labclcd probe (use about 15 ng/mL hybridization buffer) is denatured for 
10"C in a water bath at 100"C. then is added to 20 mL of hybridization buffer. The 
hybridization is performed at 68°C overnight. 

3.2.5. Wash and Anti-DIG Probing 

1. The probe is recovered and stored at -20°C (Note 8). The blot is washed two times 
in washing buffer (equilibrated at 68°C) at 68 : C for 5 min then once in 100 mL of 
buffer I at room temperature under agitation on a retro orbital shaker (Certomat® RM. 
B. Braun Biotech International GmbH. Mclsungcn. Germany) (30 rpm). 

2. The membrane is wrapped in a plastic bag and 20 mL of buffer II is added. This step 
corresponds to the blocking step. The membrane is shaken for 30 min at 250 rpm. 
Remove the buffer and add 20 mL of buffer II with 0.0375 U/mL of anti-DIG anti¬ 
body. Incubate membrane for another 30 min (250 rpm). 

3. The membrane is removed from the plastic bag and placed immediately in buffer I. 
The membrane is washed two times for 30 min under gentle agitation (30 rpm). 

4. Finally, the membrane is incubated for 3 min in buffer III (Note 9). 

5. The membrane is placed on a plastic sheet. 3 mL of buffer in phis 10 pL of CDP star is 
carefully layered over the membrane and a second sheet of plastic is placed on top of it 
Aftcr 5 min of incubation, excess of liquid is wiped out and the plastic sheets arc sealed. 
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6. The membrane is exposed in a casscnc lo an X-ray film at room temperature. Time 
of exposure will depend on the probe efficiency. Usually 4 h exposure is enough but 
can be longer (overnight for example) (Note 10). 

Results arc summarized in Table 1. For gene correction, the frequency of puro K 
clones reflects the frequency of targeted events, as only corrected puromycin gene 
can be selected. With the other cassettes, the frequency of gene targeting seems 
to decrease when the size of the insert increases. As shown on Fig. 2 (Lane 12). 
targeted insertion can be associated with random insertion in the same clone, but 
these double events remain a minority, except with the 4.4 kb cassette (two out 
of four targeted clones). In addition, the replacement of the whole puro* gene 
with additional 3' sequences (3 kb) seems to be more demanding than the simple 
insertion of the hygro* cassette. However, there is only a two-fold decrease in 
efficiency. Altogether, these results argue that large insertions (5.5 kb) and deletions 
(3 kb) can be obtained by mcganucleascs-induced gene targeting. Note that when 
the repair matrix were transfected without the I-Scel expressing plasmid, we 
never could obtain any targeted clone (see Table 1). 

3.3. Protein Production 

Insertion of different heterologous sequences at the same locus can be interest¬ 
ing for protein production or drug screening purpose. The level of protein expres¬ 
sion and its stability are both major criteria during cellular clone selection. 
Furthermore, reproducibility of expression would decrease the screening effort 
and allow for better planification. An insertion in the same locus would ensure 
reproducible levels of expression independently of the inserted sequences. As an 
example, we monitor the expression level of two different proteins (P-galactosidase 
and human CD4) over a 4 mo period after I-Scel-induced gene insertion. In these 
experiments, only clones with targeted insertions and without additional random 
inserts were considered. 

3.3.1. Measure oi p -Galaclosidase Activity 

1. Cells arc washed twice in PBS then incubated with 5 mL of trypsin-EDTA solu¬ 
tion. After 5 min incubation at 37°C. cells arc collected in a I5-mL conical tube 
and countcd. 

2. 2 x 10 6 cells are incubated with 200 pL of lysis buffer on ice for 30 min. 

3. Cell lysates arc centrifuged for 2 min at 10.000? at 4°C. Supernatants arc transferred 
in a clean 1.5-mL microfiigc tube. 

4. 20 pL of 1/10th dilution of cell lysates arc mixed with: 2 pL of Mg 100X buffer. 22 pL 
of ONPG (8 mg/mL) solution and 156 pL of 0.1 M Na 2 HP0 4 pH 7.5 in a 96-wcll plate. 

5. Plates arc incubated at 37"C for 45 min. Optical density is read at 415 nm using a 
microplatc reader (Model 550. BioRad. Hercules. CA). 

The production level of P-galactosidase has been measured in this way for 4 
different targeted clones during 16 wk. The graph shown on Fig. 3A displayed the 
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Fig. 3. (Continued) 


mean level of expression for these 4 clones as compared with nonproducing cell 
line, showing a very small dispersion of the measurements. 

3.3.2. FACS Detection of CD4-Expressing Cells 

1. Cells arc washed twice in PBS and incubated with 2 mL of Verscne solution (Note 
11). After 5 min incubation at 37°C, cells arc collected in a 15-mL conical tube. The 
cells arc counted. 

2. 10 6 cells arc transferred in 5-raL tube (Falcon, 2058) and centrifuged at 300g for 
5 min at 4°C. Cells arc w ashed once with FACS buffer. Cell pellets arc resuspended 
in 20 pL of biotin-conjugated anti-CD4 or biotin-conjugated isotype control 
antibody. After 30 min of incubalion on ice, cells arc washed once in FACS buffer. 
Cell pellets arc then incubated with 20 pL of strcptavidin-conjugatcd PE for 30 min 
on ice and protected from light. The cells are washed once in FACS buffer and finally 
resuspended in 0.5 mL of FACS buffer. 

3. The cells sample arc analyzed on a FACS vantage n (BD Bioscicncc. San Jose. CA) 
using a 488 run Ion-Argon laser. The emitted fluorescence (emission wavelength at 
-580 nm) is collected in the fluorescence 2 channel. 

The level of CD4 expression of a targeted clone has been analyzed by FACS 
for two different targeted clones during 16 wk. The pattern of CD4 expression for 
one of these clones is shown on Fig, 3B. For the other one the pattern is very sim¬ 
ilar (Data not shown). Thus, as for P-galaclosidasc. we demonstrated that the level 
of expression is very similar from clones to clones and that the expression is very” 
stable over a long period of time. 
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Fig. 3. Siabilily of protein expression in targeted clones. (A) p-galactosidasc expres¬ 
sion was assayed by the ONPG test for 4 independent targeted clones (♦) and for the 
parental cell line (■) over a period of 16 wk. The mean and standard deviation of expres¬ 
sion levels for these 4 clones is plotted against time. (B) CD4-exptcssion of a targeted 
clone was measured by FACS over a period of 16 wk. FACS displays for week 2 and 16 
arc shown. The CW expression of the targeted clone (bold line) is compared with the 
CD4~. parental cells (light line) and to endogenous CD4 expressing cells (dotted line). 

4. Notes 

1. For optimal transfection efficiency, the cells should not be more than 80% confluent. 
For the same reason, we recommend to use cells with low passage number. 

2. For optimal transfection efficiency, the plasmid DNA must be produced with an 
endotoxin-free preparation technique. 

3. The cells should not stay more than 20 min in solution T. 

4. gDNA pellet is quite difficult to resuspend in TE. unless if not dried completely. 

5. The resuspension time may vary from sample to sample. It can take several hours. Do 
not hesitate to gently mix the DNA from time to time. 
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6. Tfays. combs, and electrophoresis apparatus is carefully cleaned with soap and rinsed 
with distilled water. This step is crucial because dirty materials can impair the final 
result. 

7. At this step, the membrane can be stored between two pieces of Whatmann paper for 
a long period of time. 

8. The same probe can be used three to four times. When using a new aliquot, we 
recommend performing a first hybridization with a useless membrane. We noticed 
that the background is diminished when a probe has been used one or two times. 

9. When performing the anti-DIG antibody revelation, it is important not to let the 
membrane dry up during the steps. Otherwise, a very high background will occur. 

10. Hybridized membranes can be stored at -20°C in their plastic bag. Alternatively, they 
can be stripped by a short incubation in denaturation buffer (10 min) followed by two 
quick bath in distilled water first and then in 200 mAf Na,HP0 4 , pH 7.2. The mem¬ 
brane is dried on Whatmann paper and stored at room temperature. This membrane 
can be reprobed but usually the reprobing does not give satisfactory results. 

11. Because the CD4 protein is expressed at the cell surface, the Verscnc solution is used to 
collect the cells. This solution is preferred to the trypsin-EDTA solution because the 
trypsin can degrade surface molecules. As the Verscnc solution is less efficient than 
the trypsin-EDTA solution, it is recommended to gently scrap the cells after the 5 min 
incubation before the addition of medium. Furthermore, multiple samples arc treated 
one at a time. 
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Design and Testing of Zinc Finger Nucleases for Use 
in Mammalian Cells 

Matthew Porteus 


Summary 

Homologous tecombinatKXi It the most prfCite way lo manipulate the geoome. As a tool it has 
been used eaten lively In bacteria. yeast. murine embryonic item cells, and a few other specialized 
cell hoes but has not been available to researcher* in other systems, such as tor mammalian somatic 
cell genetics. Recently, work has shown that the creation of a gene-specific DMA double-strand 
break can stimulate homologous recombination by several thousand fold in mammalian somatic 
cells. Ibsese double-strand breaks can now be created in mimmalian genomes by One finger nucleases 
(ZFNs). ZFNs axe artificial proteins in which a zinc finger DNA-binding domain is fused to a 
oonspecilK nuclease donum. Thn chaplet describes how lo identify potential targets for ZFN cutting, 
to make ZFNi to cut this target site, and how to test whether the newly designed ZFNs are active in 
a mammalian cell culture-based system. 


Key Words: Double-strand breaks: gene manipulation: gene targeting; gene therapy: homolo¬ 
gous recombination; zinc finger nucleases. 

1. Introduction 

One of the most powerful ways to understand biological processes is lo alter the 
genomic sequence of an organism and then observe the resulting phenotype. 
Genetic screens, for example, are based on using mutagens, such as chemicals, 
ultraviolet irradiation, or transposons to make random mutations in the genome and 
then identifying the progeny for interesting phenotypes. Another way to manipulate 
the genome is to introduce novel transgencs into the genome and observe the 
consequences. These transgencs can be integrated into genome using a variety of 
techniques, including viral- and transposon-based vectors, and usually integrate in an 
uncontrolled, if not random, fashion. However, the most precise way to manipulate 
the genome is by gene targeting using homologous recombination. Whereas 
investigators have used the term gene targeting for different things, for the purposes 
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of this chapter, gene targeting is used to describe the process of introducing new 
genetic material into the genome using homologous recombination. 

In homologous recombination the genetic information from one piece of DNA 
is transferred from one DNA molecule to another homologous molecule of DNA; 
the mechanism of which has been reviewed elsewhere (1.2). Homologous recom¬ 
bination is an essential process and is used generally to repair DNA double-strand 
breaks (DSBs) in mitotic cells and to create genetic diversity in meiotic cells. In 
addition homologous recombination is used for specific processes such as mat- 
ing-type switching in yeast and somatic hypermutation in chickens. Finally, 
homologous recombination has been co-opted by genetic parasites such as homing 
endonucleases to catalyze their spread (3). All of these natural occurrences of 
homologous recombination are initiated by the creation of a DNA DSB. In mam¬ 
malian cells, for example, the creation of a DNA DSB stimulates homologous 
recombination by several thousand-fold (4.5). If one were able to create gene- 
specific DNA DSBs, researchers would also be able to co-opt the homologous 
recombination machinery to increase the efficiency of gene targeting. One method 
to create gene-specific DSBs is by the use of zinc finger nucleases (ZFNs) (6,7). 
ZFNs are artificial proteins in which a zinc finger (ZF) DNA-binding domain is 
fused to a nonspecific nuclease domain (8). If two ZFNs bind to DNA in the cor¬ 
rect orientation, the nuclease domain dimerizes and then creates a DSB. ZFNs 
have been shown to create site-specific DSBs that stimulate homologous recom¬ 
bination in Xenopus oocytes , Drosophila melanogaster. plants, and in somatic 
mammalian cells (5.9-14). In this chapter, a method to identify, design, and test 
ZFNs for use in mammalian cells is described. In another chapter of this volume. 
Dana Carroll and his colleagues discuss the use of ZFNs in flies and worms. Here 
a method using overlap polymerase chain reaction (PCR) is described to assemble 
the zinc finger protein (ZFP) of the ZFN. Recently; however, a detailed protocol 
to assemble a ZF DNA-binding domain using restriction endonucleases without 
PCR has been described (15). 

This chapter describes a method to assemble a ZFN using a “modular-assembly" 
approach. The modular-assembly approach to making ZFNs depends on two 
crucial features: 

1. The modular nature of ZF binding to DNA. 

2. The published data sets of individual ZFs and their cognate DNA-binding sites. 

The modular nature of ZF binding was revealed by the crystal structure of the 
ZF domain (16,17). An individual ZF consists of 30 amino acids arranged in a 
PPa structure that is stabilized by chelating a single zinc ion. For each individual 
ZF. a portion of the a-helix. called the “recognition helix.*’ lies in the major 
groove of DNA. Specific DNA binding is mediated by interactions of the recog¬ 
nition helix with the DNA bases. The amino acids that mediate DNA binding are 
numbered with respect to the beginning of the a-helix (-1 to 6). Each linger binds 
to a 3-4-bp target sequence. For purposes of modular-assembly; however, each 
finger is designed to bind a nonovcrlapping nucleotide triplet. In a ZFP. the most 
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amino-lerminal linger is called "linger 1," Ihe next “linger 2." and so on. In a 
ihrec-linger protein, the most carboxy-terminal linger is "linger 3." In a three-finger 
ZFN the nuclease domain is linked to linger 3. A ZFP consists of a series of 
individual ZF domains. Thus, a three-tinger protein is one that has three individ¬ 
ual ZF domains and would be designed to bind a 9-bp site. The modular nature of 
ZF binding has two aspects to it: 

1. Each individual finger seems to bind a nonoveriapping triplet independently of its 
neighboring finger. 

2. Each finger makes contacts with each base of the triplet with a single amino acid. 
From these tw o modular aspects of ZF binding, two predictions were made. The first 
is that by altering the amino acid contact residues of an individual finger, you could 
create a new finger that binds to a different 3-bp sequence. The second is that by shuf¬ 
fling different individual ZFs. one could create a new ZFP with a new target site 
specificity. For a three-finger protein, for example, it would mean creating a protein 
with a novel 9-bp binding site. The testing, successes, and limitations of the modular 
model of ZF binding arc well-described elsewhere (17.18). 

The second crucial feature for the modular-assembly approach is that a 
variety of individual lingers have been published that bind to unique triplet- 
binding sites. For example, two groups have published data sets for individual 
fingers that bind to triplets of the form S'-GNN-3' (19-21). In addition, data sets 
for fingers that bind to 5'-ANN-3' and 5'-CNN-3' triplets have also been pub¬ 
lished (22.23). 

Using the modular nature of binding and the published data sets, a number of 
different artificial transcription factors have been made (24). Almost all of these 
artificial transcription factors have been designed to recognize target sequences 
rich in 5'-GNN-3' target site triplets. This bias may reflect that the published indi¬ 
vidual ZFs that recognize GNN triplets are of higher quality than those that bind 
to non-GNN triplets. Or it may reflect that fingers that bind GNN triplets are more 
modular in their binding and depend less on the context of the binding of the 
neighboring domains. Careful studies of ZF DNA binding have shown, for example, 
that binding is not completely modular and that binding of a given finger depends 
on its neighbors; i.e.. there is “context" dependence (18). In the modular-assembly 
approach to designing new ZFPs, this context dependence is ignored and is an 
important caveat to the approach. 

1.1. Overall Strategy 

The use of ZFNs to stimulate gene targeting by homologous recombination 
involves the following steps. 

1. A full ZFN-binding site must be identified within the gene of interest. 

2. A pair of ZFNs must be designed and asscmbled. 

3. The ZFN pair should be tested for activity using reporter assays. 

4. A targeting construct that creates the desired genomic modification must be identified. 

5. Targeting of the endogenous gene by cointroduction of the ZFNs to create a DSB in 
the target gene along with the targeting construct in order for gene targeting to occur. 
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Fig. 1. Schematic overview of overlap PCR strategy to assemble new ZFP. The 
experimental details arc in the text. The colored lines depict the unique recognition 
helix for each ZF. 


In this chapter, protocols for the first three steps are described. Standardized 
protocols for the last two steps, perhaps the most interesting and important steps, 
are still being developed for ZFN-mediatcd gene targeting in mammalian cells. 

2. Materials 

1. Agarose gel (2.5%). 

2. Calf intestinal alkaline phosphatase. 

3. Apal. BtmHl. and Spe I restriction endonucleases. 

4. KOD polymerase kit (Novagen. cat. no. 71085-3. San Diego. CA). 

5. Oligonucleotides for PCR amplification as described in Fig. 1 and Table 1. 

6. Plasmid: pBlucscriptll (pBS) SK* (Stratagcnc. San Diego. CA). 

7. Plasmid: pcDNA6 (Invitrogen. Carlsbad. CA). 

8. Gel purification kit (Qiagen. Valencia. CA). 

9. PCR product purification kit (Qiagen). 

10. Escherichia coll for transformation. 

11. T7 primer for sequencing. 

12. 2 M CaCl ; . 

13. 2X HEPES-buffered saline (2X HBS): 50 mM HEPES pH 7.05. 10 mAf Kcl. 12 mtf 
Dextrose. 280 mtf NaCl. and 1.5 mV Na J HP0 4 . 

14. Midiptep plasmid DNA purification kit (Qiagen). 

15. Dulbccco's modified eagle's media (DMEM). 
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Table 1 

Oligonucleotides to Assemble New Three-finger Protein 


Finger I general oligo (oligo A) 
Finger 2 general oligo (oligo B) 
Finger 3 general oligo (oligo C) 
Finger I specific oligo 


For example. GFP1-ZFN finger 
(target triplet GGT) 

Finger 2 specific oligo 


For example. GFP1-ZFN fingeri 
(target triplet GAT) 


Finger 3 specific oligo 


For example. GFP1-ZFN finger! 
(target triplet GAA) 


5'-CAGTGGCGGCCGCTCTAGAAC-3' 
5'-CATATCCGCATCCATACC-3' 
5'-CACATCCGCACCCACACA-3' 

5'-GTA TGG ATG CGG ATA TG 
antisense for amino acid codons -1 to 6 
AGA AAA GCG GCG ATC GC-3' 

I 5'-GTA TGG ATG CGG ATA TG CCT CGT 

GAG GTG AGA AGA CTG AGA 
AAA GCG GCG ATC GC-3' 

5'-GTG TGG GTG CGG ATG TG 
antisense for amino acid codons -1 to 6 
ACT GAA GTT ACG CAT GC-3' 

5'-GTG TGG GTG CGG ATG TG GCG 
GAC AAG GTT GCC ACC AGT ACT 
GAA GTT ACG CAT GC-3' 

5'-TTG ACT AGT TG GTC CTT CTG 
TCT TAA ATG GAT TIT GGT ATG 
antisense for amino acid codons -I to 6 
GGC AAA CTT CCT CCC-3' 

5'-TTG ACT AGT TG GTC CTT CTG 
TCT TAA ATG GAT TIT GGT ATG GCG 
GGC AAG GTT ACC CG A CTG GGC 
AAA CTT CCT CCC-3' 


Nine: Need to pick codons so do BnmHl (OGATCQ or Spe I (ACTAOT) site* in oligonu¬ 
cleotide*. 

This table lists the oligonucleotides used in the overlap PCR approach described in the text and 
in Fig. 1 . The finger-specific oligonucleotides are the antisense strand while the general oligonu¬ 
cleotides are the sense strand. To make the finger-specific oligonucleotides one must first determine 
the correct amino acids fur the recognition helix lor each linget. then deduce the optimal human 
codon for each amino acid of the recognition helix (7 amino acids leading to 21 nucleotides for each 
finger). The reverse-complement of this coding sequence is then determined and it is this reverse- 
complement 21 -nucleotide sequence that is inserted into the location labeled "antisense fro anuno 
acid codons -1 to 6." The sequerce must then be checked to make sure that no Bom HI or Spe 1 sites are 
in it. II there are Bom HI or Spe 1 sites then an alternative codon must be chosen so that those sites 
are eliminated. 

16. Bovine growth scrum (Hyclooc. Logan. UT). 

17. 200 mV L-glutaminc (sterile). 

18. Penicillin-streptomycin (10.000 IU/mL penicillin and 10.000 pg/mL streptomycin) 
(sterile). 

2.1. Equipment 

1. Heating block or water bath at 37°C. 

2. Thermal cycler. 
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3. Methods 

3.1. Identifying a Target Site 

The first step is to identify a potential ZFN target site within the gene of 
interest. A full ZFN target site consists of two half-sites that arc inversely 
oriented with respect to each other and separated by a nucleotide spacer. A 
standard ZFN consists of three ZFs to bind a 9-bp target site. Theoretically, if 
one had individual ZFs that recognized all 64 different nucleotide triplets, then 
one could assemble a ZFP to recognize any target sequence. Individual ZFs 
have been published for all 16 different GNN and most of the CNN and ANN 
triplets and programs are available (wwwjtincfingers.org or wwwjtincfinger- 
tools.org) to help investigators create ZFPs to bind specific sequences (19-23). 
In our hands we have only been successful at using modular-assembly to make 
three-finger ZFNs active against sites with the following structure 5'-GNNGN- 
NGNN-3’ where N can be any base (12). Others have been successful in 
making ZFNs to sites that are different from this consensus but the efficiency at 
using modular-assembly to make active ZFNs to target such sites remains to be 
determined (14). 

In general, we have had the most experience at targeting sequences in which 
the individual ZFN binding sites (half-sites) are separated by a 6 nucleotide 
spacer, although highly efficient targeting was achieved at sites that were separated 
by only 5 nucleotides (13). 

In summary, one should search the gene of interest for a ZFN full consensus 
target site of the following form: 5'-NNCNNCNNCnnnnnnGNNGNNGNN-3'. 
This ZFN full consensus site consists of two half-sites of the form 5'-GNNGN- 
NGNN-3' oriented inversely from each other separated by a 6 nucleotide 
spacer. The site is oriented in this fashion because the nuclease domain is 
attached to the C-tcrminal finger (finger 3) that binds the most 5' triplet. It is 
in this orientation that the nuclease domain from each ZFN can dimerize and 
then cut DNA. Carroll and his colleagues show a schematic of this organiza¬ 
tion in their chapter in this volume. In the humanized green fluorescent 
protein (GFP) gene, for example, the target site 5'-ACCATCTTC ttcaag 
GACGACGGC-3' was identified (12). To target this site, one ZFN would be 
designed to bind to the target sequence 5'-GAAGATGGT-3' and the other 
ZFN to bind to the target sequence 5'-GAAGATGGT-3'. Most modern sequ¬ 
ence analysis software is capable of searching a given sequence for the consensus 
site shown in the starting of this paragraph. 

3.2. Designing a ZFP 

Once a full ZFN target site is identified in the gene of interest the next step is 
to design the pair of ZFNs to target that specific site. The first step in that process 
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is io break the full consensus-binding site into the two ZFN half-sites. In the 
example given in the aforementioned paragraph, the GFP full consensus binding 
site 5'-ACCATCTTC ttcaag GACGACGGC-3' is broken into two half-sites: 
5'-GAAGATGGT-3' (GFP-left) and 5'-GAAGATGGT-3' (GFP-right). These two 
half-sites are then broken down further into triplets with each triplet being the 
binding site for an individual ZF. For example. GFP-left would be broken down 
into 5'-GAA-3'. 5'-GAT-3'. and 5'-GGT-3'. As ZFPs bind DNA in an "antiparallcr 
fashion, finger 1 would bind the 3' triplet <5'-GGT-3'). finger 2 the middle triplet 
(5'-GAT-3'), and finger 3 would bind the 5' triplet (5'-GAA-3'). Once the cognate 
triplet-binding sites arc identified, the next step is to determine the amino acid 
content of the DNA recognition helix for each finger. For GNN target sites, there 
are two possible sources for recognition helices (19-21). We have primarily 
used the data from Liu et al. but others have used the data sets from Segal et al. 
and Dreier et al. to successfully design ZFNs (12.14.19-21). Continuing to use 
GFP-left as an example and using the data set from Liu et al. (19). one would 
identify amino acids (using the standard 1 -letter code) for the recognition helix 
for finger 1 to be QSSHLTR. for finger 2 to be TSGNLVR. and for finger 3 to be 
QSGNLAR (see Note 1). 

3.3. Creating a ZFN 

An overlapping PCR strategy is used to assemble the new ZFPs (schema¬ 
tized in Fig. 1). Each finger is amplified independently using a general 
primer at the 5' end and a finger-specific primer at the 3' end. Details of the 
design of the oligonucleotides arc in Table 1. The Zif268 backbone is used 
as a template for each PCR reaction as there is enough heterogeneity in 
the backbone to allow assembly of the three-fingers in the correct order in the 
final step. In some artificial ZFNs constructs, such as QQR-ZFN. the 
nucleotide sequence surrounding the recognition helix of each finger is 
identical, which makes it nearly impossible to assemble the fingers in the 
correct orientation by overlap PCR. Each finger fragment is amplified so 
that it has a 15-bp overlap with its neighboring finger. The individual fin¬ 
gers arc then assembled using an overlap PCR strategy (schematized in Fig. 1) 
(see Note 2). The PCR product is digested with Bamlll and Spe I and cloned 
into pBS that has been digested with BamHUSpel. The three-finger cassette 
is then sequenced to verify that no enors were created in the PCR process. 
We generally use the KOD polymerase (Novagen) as it is both a high- 
fidelity polymerase thus reducing the probability of unintended mutations 
during the amplificaton. and because it performs well in the overlap PCR 
reaction. The sequences of oligonucleotides used in this process are shown 
in Table 1. 
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3.3.1. Protocol to Assemble New ZFN Using Overlap PCR 
1. PCR reaction 1 (amplification of individual ZFs). _ 


Zif-ZFN DNA template 

100 ng 

10X polymerase buffer 

5 pL 

MgClj (25 mM) 

2 pL 

dNTP*(2 m M each) 

15 pL 

Finger 1 (or 2 or 3(-specific oligo 

30 p moles 

Finger 1 (or 2 or 3) general oligo 

30 pmolcs 

KOD polymerase 

2 U 


(1H,0 to final volume of 50 mL. 


Amplify using the following program. 


1 94°C for 5 min 

2 94°C for 30 s 

3 50°C for 45 s 

4 72'C for 60 s 

Go to step 2 and perform 14 times 

5 72"C for 5 min 

6 4°C forever 


2. Purify - individual fingers on 2.5% agarose gel into 30 pL buffer using Qiagen gel 
purification kit. 

a. Expected size of finger 1 = 161 bp. 

b. Expected size of finger 2 = 100 bp. 

c. Expected size of finger 3 = 124 bp. 

3. PCR reaction 2 (assembly of three-finger protein). 


Finger 1 fragment 

10 pL 

Finger 2 fragment 

10 pL 

Finger 3 fragment 

10 pL 

10X polymerase buffer 

5 pL 

MgClj (25 m\l) 

2 pL 

dNTP*(2.5 mAf each) 

7.5 pL 

Finger 1 general oligo 

30 pmolcs 

Finger 3-spcctfic oligo 

30 pmolcs 

KOD polymerase 

2 U 


ilHjO to final volume of 50 mL. 

Cycling parameters: same as for PCR reaction 1. 

4. Purify PCR product using PCR purification kit (Qiagen). 

5. Digest the PCR product with finmHI and Spe I. 

6. Purify - the digested PCR product on 2.5% agarose gel into 30 pL using Qiagen gel 
purification kit (expected fragment size is about 312 bp). 
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7. Gone the digcslcd/purificd PCR fragment into BamHUSpel digested pBS to create 
pBS-ZF. 

8. Sequence pBS-ZF to confirm the new three-finger protein. 

Once the assembled three-finger ZF is sequence verified, it is then ready to be 
cloned into a mammalian expression vector while simultaneously adding the Fokl 
nuclease domain. The procedure for that is described in Subheading 3.3.2. 

3.3.2. Protocol to Create ZFN Expression Vector from New ZF 

1. Digest pcDNA6 (Invitrogen) with SamHIM/xd (2 h at room temperature followed by 
2 h at 37"C). Treat with calf intestinal alkaline phosphatase and isolate the 5.1-kb 
fragment by gel purification. This is the vector fragment. 

2. Digest pBS-ZF with BamHVSpA and isolate the approx 310-bp fragment by gel 
purification. This is the ZF fragment. 

3. Digest GFP-ZF1 with SpeVApal (2 h at room temperature followed by 2 h at 37=Q. 
Isolate the approx 590-bp fragment by gel purification. This is the nuclease fragment. 

4. Ligate the three fragments together using a molar ratio of vcctor.nuclcase fragment: 
ZF fragment of 1:4:4 and standard procedures. 

5. Transform E coli using standard procedures. 

6. Identify positive clones by ftimHlM/xiI digest (2 h at room temperature followed by 
2 h at 37°C) and analyze by 0.855 agarose gel electrophoresis. Coned clones should 
have a 5.1-kb band and a 900-bp band. 

7. Sequence correct clones with T7 primer to confirm that the ZF is intad and the nucle¬ 
ase domain was cloned in-frame. 

a. This cloning strategy will create a ZFN that has a 5 amino acid linker between the 
terminal histidine of the third ZF and the first residue of the nuclease domain. These 
ZFNs base been shown to be most active on sites that arc separated by 6 bp. 

3.4. Testing of a ZFN 

The activity of the ZFN seems to be directly related to the quality of the ZFP. 
Before using the ZFN to target an endogenous gene, it should be tested using 
a reporter assay. To test the ZFP more dirccdy. one can use transcriptional 
reporter assays cither in mammalian cells (14) or in bacteria (15.25). In our lab. 
we arc currendy adapting such transcriptional reporters as a first screen of our 
newly designed ZFPs but have routinely tested ZFNs using a mammalian cell- 
based GFP gene targeting reporter assay (6.12). This assay is described in 
Subheadings 3.4.1.-3.4 3. 

The GFP gene targeting assay is based on the conversion of a mutated GFP 
gene that has been integrated as a single copy into the genome of a mammalian 
cell mto the w ild-type version after the introduction of a targeting construct that 
would correct the genomic mutation. This conversion only occurs cfiiciendy if a 
DNA DSB is created in the mutated genomic target gene. To test a new ZFN. the 
9-bp ZFN target site is inserted into the GFP gene and oriented inversely and sepa¬ 
rated by 6 bp from a Zif268 target site. To test, a ZFN that targets the sequence 
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5'-GCCGCCGCC-3', for example, one would insert into the GFP gene the fol¬ 
lowing sequence: 5'-GGCGGCGGClclagaGCGTGGGCG-3\ The fust half of the 
site is the reverse-complement of the target site of the new ZFN, the lower case 
letters arc the 6-bp spacer, and the second half of the site (5'-GCGTGGGCG-3') 
is the binding site for Zif268. Adjacent to the insertion of the full ZFN site is the 
recognition site for the I-Scel endonuclease (See) (5'- GGGATAACAGGGTAAT- 
3'). See serves as a positive control and allows us to compare the activity of the 
ZFN pair with See. After this plasmid is made, it is electroporated into 293-S cells 
(not G418 resistant) and clones are identified that have integrated the reporter into 
the genome and actively transcribe the reporter (see Notes 3 and 4). We identify 
these clones by cell surface expression of CD8ct. a gene that is not normally 
expressed in 293-S cells but is driven from the same promoter as the mutated GFP 
gene through an internal ribosomal entry site as part of the reporter construct. 
Once a cell line is established, it is then transfected with a: 

1. GFP expression plasmid (to measure transfection efficiency) plus the ZFN expression 
plasmid plus the Zif268-ZFN expression plasmid. 

2. The GFP-targcting construct (repair substrate) plus a See expression plasmid. 

3. The GFP repair substrate plus the ZFN expression plasmid alone. 

4. The GFP repair substrate plus the Zif268-ZFN expression plasmid alone. 

5. The GFP repair subsUatc plus the new ZFN expression plasmid and the Zil268-ZFN 
expression plasmid. 

T\vo days after transfection well 1 is analyzed by flow cytometry to determine the 
transfection efficiency. Three days after transfection the remaining wells are ana¬ 
lyzed by flow cytometry to determine the rate of gene targeting. We usually analyze 
100-200,000 cells per condition. Protocol for each of these steps is as follows. 

3.4.1. Construction oi GFP Reporter Plasmid 

1. Digest parental reporter plasmid (pPC17) with Xhol and tfmdIII and isolate the 
approx 9 kb fragment by gel purification. Do not treat with calf intestinal alkaline 
phosphatase. 

2. Order target-site oligonucleotides in which one half-site is the binding site for Zif-ZFN 
(a ZFN with known activity and hctcrodimcrizcs with ZFNs made by modular- 
assembly) and the other half site is the new target site. Design the pair of oligonu¬ 
cleotides so that, when annealed, drey create Xhol and //mdlll compatible overhangs. 
Placc an EcoRI site 5' to the lull ZFN site in order to provide a new restriction site for 
later analysis. This site will be used to determine, which clones have inserted the 
annealed oligonucleotide correcdy. For example, to test HGBZF1-ZFN (target site of 
5'-GAGGTTGCT-3'). we ordered oligonucleotides with the following sequence: 

A S’-AGCT GAATTC CGCCCACGC ggatcc GAGGTTGCT-3' 

B: 5'-TCGA AGCAACCTC ggatcc GCGTGGGCG GAATTC-3' 

3. Anneal oligonucleotides A and B using standard procedures and ligate into the purified 
reporter plasmid vector (pPC17 X/u>I///mdIII) using a molar ration of vector: 
annealed oligo of 1 : 100 . 
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4. Transform the ligation into E. coli using standard procedures. 

5. Analyze colonies by £<«R1 digest and agarose gel electrophoresis. Clones that con¬ 
tain the new oligonucleotide will have fragments of 4400.2100. 1700. and doublet at 
400 bps. 

6. Sequence clones with appropriate fragment sizes with primer A220A (5'-ACCG- 
GCAAGCTGCCCGTGCCCTGG-3') to confirm single-copy insertion of the 
oligonucleotide. 

7. Using standard procedures, midi prep sequence confirmed clones to prepare DNA of 
quality and quantity to create reporter cell line. 


3.4.2. Making GFP Reporter Cell Line 

We make our reporter lines in HEK-293S cells for the following reasons. These 
cells are easily grown and easily transfcctablc. In contrast to 293T cells. 293-S 
cells are also sensitive to G418 so can be used to make cell lines using the 
neomycin gene as a selectable marker (sec Note 4). We make single copy inte¬ 
grants of the reporter transgene using electroporation. 

1. Grow HEK-293S to mid-log phase in 10-cm plate using full media (DMEM/10% 
bovine growth scrum (HyClonc. Logan UTY2 mAf L-glutaminc/Pcn-strcp). 

2. Tiypsinizc the cells and wash once in 10 mL of serum-free DMEM. Resuspend at 10 7 
cclls/mL in scrum-free DMEM. 

3. Remove 400 pL of cells and mix with 10 pg of supcr-coilcd reporter plasmid. 

4. Incubate cells with plasmid for 5 min on ice and then electroporate using a BTX 
ECM399 clcctroporator at 150 V. 

5. Allow cells to recover for 5 min on ice and then gently add to 10 mL of full media in 
a 10 -cm plate. 

6. 24 h after electroporation, add G418 to a final concentration of 500 pg/mL (active). 

7. Change media with G418 every 3-4 d gently to avoid disrupting any colonics. 

a. G418 usually takes 48-72 h to begin killing cells. If cells are too confluent. G418 

can take longer to kill cells. 

8. After 2 wk of G418 selection, individual colonics arc clearly evident. Pick individual 
colonics and expand in a 24-wdl plate. 

9. Identify clones that transcribe the mutant GFP gene by cither Northern or reverse 
transcriptasc-PCR to look for GFP transcript or by staining with anti-CD8 antibody, 
a. To stain for cell surface expression with anti-CD antibody: 

i. Dypsinizc cells briefly. 

ii. Rcplatc 50'S of the cells in a 24-well plate. 

iii. To remaining, wash once in 1 mL of phosphate buffered saline (PBS). 

iv. Resuspend in 100 mL PBS and 10 mL of phycocrythcrin-conjugatcd anti- 
CD8 antibody (Bccton-Dickinson). 

v. Incubate on ice for 10 min in dark. 

vi. Add 1 mL PBS and pellet. 

vii. Resuspend in 400 mL of PBS and analyze by flow cytometry. Clones that 
have high, consistent levels of CD8 expression should be used as the 
reporter. 
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3.4.3. Testing New ZFN in ZFN Reporter Cell Line by Calcium Phosphate 
Transfection 

1. The day before transfection, seed 16 wells of a 24-well plate with 125.000 cells of 
the reporter cell line. 

2. Just before transfection replace each well with 500 |iL of fresh full DMEM. 

3. Transfect each of the wells with the following plasmids using a standard calcium 
phosphate procedure. We have found that other transfection procedures (including 
commercial lipid reagents) work just as well, although the amounts of plasmid may 
vary depending on the reagent used. We use the calcium phosphate technique because 
it is cheaper than using commercial lipid reagents. 

a. Well 1: 200 ng of GFP expression plasmid * 200 ng of I-Scel expression plasmid. 

b. Wells 2-4: 200 ng of 1-Scel expression plasmid + 200 ng of GFP repair donor 
(pRS2700). 

c. Well 5: 200 ng of GFP expression plasmid + 2CO ng of Zif-ZFN expression plasmid. 

d. Wells 6-8: 200 ng of Zif-ZFN expression plasmid * 200 ng of GFP repair donor 
(pRS2700). 

c. Well 9:2CO ng of GFP expression plasmid + 20) ng of new ZFN expression plasmid. 

f. Wells 10-12: 200 ng of new ZFN expression plasmid ♦ 200 ng of GFP repair 
donor (pRS2700). 

g. Well 13:2€0 ng of GFP expression plasmid + 100 ng of Zif-ZFN expression plasmid 
♦ 100 ng of new ZFN expression plasmid. 

h. Wells 14-16:100 ng of Zif-ZFN expression plasmid + 100 ng of new ZFN expression 
plasmid + 200 ng of GFP repair donor (pRS2700). 

4. Add calcium phosphate precipitate to cells and incubate for 8-16 h. 

5. Remove media and calcium phosphate precipitate and add 1 mL of full DMEM. 

a. We do not wash with PBS as we find that washing PBS often washes off the 
loosely adherent 293 cells. 

6. 48 h after transfection, analyze wells 1. 5.9. and 13 by flow cytometry to determine 
transfection efficiency (see Note 5). 

7. 72 h after transfection, analyze remaining cells for percentage of cells that arc GFP- 
positivc by flow cytometry. 

a. We analyze by flow cytometry rather than fluorescent microscopy because it is 
faster, more sensitive, and more quantitative. 

8. Determine the rate of gene targeting by normalizing the percentage of GFP-positivc 
cells in the gene targeting wells to the transfection efficiency. If the new ZFN is 
active, the normalized rate of gene targeting should be greater than Iff 4 (see Notes 6 
and 7). 

4. Notes 

1. When assembling a ZFP (Subheading 3.2.), the first attempt should use individual 
fingers from the same data set. If the assembled ZF is not active, then one should con¬ 
sider trying another data set or mixing fingers from different data sets. The investiga¬ 
tors should anticipate that a pair of ZFNs to a single target site may not be active and 
ideally should plan to develop pairs to several potential sites. 
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2. The efficiency of assembling Ihc ZFP is increased by gel purification of fragments for 
each PCR amplification (Subheading 3-3.1.)- After amplification of the individual 
fingers, the three fingers can usually be assembled in a single PCR reaction. If this is 
not successful, then one can try assembling the fingers in a step-wise fashion by first 
joining finger 1 with finger 2 to create a finger 1-2 product and then adding finger 3 
toil. 

3. Cell lines should be split 1:20 every 4 d for maintenance (Subheading 3.4.). 

4. In creating the GFP reporter cell line. G418 takes about 2-4 d to kill untransfected 
cells (Subheading 3.4.2). If the cells are too confluent, the G418 docs not effectively 
kill untransfcctcd cells. Thus, G418 selections should be done when the cells arc not 
confluent. 

5. In gene targeting experiments, if the transfection efficiency is less than 5%. it is usually 
difficult to get reproducible results (Subheading 3.43.). If transfection efficiencies 
arc not above 10 % using the calcium phosphate precipitation technique, then one should 
try transfecting using lipid-based commercial reagents such as Lipofcctaminc 2000 
(Invitrogen. Carlsbad. CA). We have found that, method of transfection has little 
impact on the rate of gene targeting using this system. 

6. The GFP gene targeting reporter line should give >2000 targeting events per million 
transfected cells when 1-S.cI is used as the nuclease (Subheading 3.43.), If the line 
docs not give such rates, then monoclonal lines should be examined until one is found 
that gives such a rate. 

7. If the new ZFN are not active in the GFP gene targeting reporter system, then one should 
confirm that the ZFN is being expressed (Section 3.4.3.), The ZFNs described here have 
a FLAG tag at the amino-terminus and using ZFN expression can be determined by 
Western analysis using an anti-FLAG antibody (M2 from Sigma. St Louis. MO). 
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Summary 

Zmc-fingci nucleaw! (ZFNs) are promising new tools ft* enhancing the efficiency ol gene tar¬ 
geting in many organisms. Because of the flexibilrty of zinc finger DNA recognition. ZFNs can be 
designed to bind many different genomic sequences. The double-strand breaks they create are 
repaired by cellular processes that generate oew mutations at the cleavage site. In addition, 
the breaks can be repaired by homologous recombination with an exogenous donor DNA. allowing 
the experimenter to introduce designed sequence alterations. We describe the construction of ZFNs 
for novel targets and then application to targeted mutagenesis and targeted gene replacement in 
Drosophila melanogaster and Caenorhabditis elegant. 

Key Words: Caenorhabditis elegans: DNA repair; Drosophila ; fruit flies; gene targeting; 
homologous recombination; mutagenesis; nematodes; nonhomologo us end Joining; zinc finger; 
zinc-finger nuclease. 

1. Introduction 

At some level all geneticists working with higher eukaryotes envy yeast 
researchers for the ease with which gene replacements can be made in that organ¬ 
ism (1). Gene targeting procedures have been developed for some other systems, 
including mouse (2) and Drosophila (3 ). Although these are certainly effective, 
they yield the desired products at low frequency and only after considerable 
experimental effort. 

We have been developing zinc-finger nucleases (ZFNs) as tools to enhance the 
efficiency of targeted mutagenesis and gene replacement and to extend targeting 
procedures to a wider range of organisms (4). The underlying principles are first, 
the observation that double-strand breaks (DSBs) in DNA stimulate localized 
mutagenesis and homologous recombination (HR) in many cell types (5). and 
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second, that modulation of a DNA-bmding domain consisting of zinc fingers 
(ZFs) can direct proteins to desired chromosomal targets (6-8). 

ZFNs arc hybrid proteins (9): they have a DNA-binding domain made up of 
Cysjlis, ZFs at the N-terminus and a nonspecific cleavage domain derived from 
the restriction endonuclease Fold at the C-terminus (Fig. 1). ZFs bind to consec¬ 
utive triplets in DNA in a nearly independent manner (10) 9 so new recognition 
domains can be assembled from existing fingers for specific triplets; and lingers 
have been identified for many of the 64 possible 3-bp sequences (11-14). The 
cleavage domain has to dimerize to be active (15,16): because the dimer interface 
is very weak, this amounts to a requirement for two ZFNs bound to nearby sites. 
This is very advantageous, as the active cleavage reagent is assembled at the tar¬ 
get and is. at least in principle, not active at other sites. For flies and worms, we 
typically produce ZFNs with three ZFs. but for organisms with larger genomes, 
adding more fingers can give additional specificity (17). 

Success of various types has been achieved with ZFNs in a number of differ¬ 
ent systems (17-27). Both endogenous and synthetic substrates have been 
attacked, and sequence alterations have been recovered based on two different 
modes of DSB repair (see Fig. 1). One is of the type we generally mean when dis¬ 
cussing gene targeting—i.e., replacement of pre-existing sequences with ones 
provided in designed donor DNA through HR. The other results from inaccurate 
nonhomologous end joining (NHEJ). The former allows introduction of carefully 
designed genetic changes whereas the latter leads largely to small insertions and 
deletions that are not under the control of the experimenter, but frequently create 
null alleles. Both modes of repair arc essentially universal, so the utility of ZFN- 
mduced gene targeting should be quite broad. Here, we focus on the two organ¬ 
isms used in our own lab: the fruit fly. Drosophila melanogaster (19,20.22). and 
the nematode, Caenorhabditis elegans (27). We assume that researchers propos¬ 
ing to w’ork with these organisms either have themselves or have access to the 
basic expertise in manipulating them. Excellent compilations on the biology of 
and experimental methods for flies (28.29) and worms (30.31) are available. 

1.1. Experimental Design 

The first step in targeting a new gene is to select that gene and choose the 
type(s) and location of alterations desired. The gene or gene region is then 
searched for sequences that look like good candidates for ZF binding, and the cor¬ 
responding ZFNs are produced. 

We make new ZF combinations by assortment of existing sequences (32). 
Fingers for many DNA triplets have been described. Some of these show excellent 
discrimination against related sequences in assays on naked DNA. and some do 
not. When searching a new gene for targetable sites, we try to include only triplets 
for which there are ‘‘good” fingers (32). In our experience, the optimum target 
consists of two 9-bp sequences that will be bound by ZFNs separated by 6 bp 
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(21). Cleavage occurs within this 6-bp spacer, leaving 4-nt 5' overhangs. It is 
important to realize two things about ZF binding sites: (1) the sequences of the 
component 9-bp sites run in opposite directions on opposite strands, as usually 
written and (2) the N-terminal finger binds the 3' triplet, so the protein and DNA 
orientations are “backward” compared with how we usually consider them. The 
coding sequences for new ZF sets are then linked to coding sequences for the 
nuclease domain. 

Once a pair of ZFNs has been constructed, the proteins must be delivered to 
the appropriate cells in the organism of choice. This can be the most challenging 
aspect of any protocol, because the requirements for effective expression will likely 
differ among organisms and cell types. We describe below three different appro¬ 
aches for Drosophila (Subheading 4.) and one for C. elegans (Subheading 5.); 
and we mention additional methods that air under development. 

If a donor DNA is included, it will be designed to carry the sequence alter¬ 
ations that are desired ultimately in the target. Several aspects of donor design 
must be considered, and it is not certain that characteristics of one system will 
translate simply to others. First a method for delivering the donor must be chosen. 
In Drosophila . the Golic lab (Department of Biology. University of Utah. Salt Lake 
City) developed a very effective procedure for generating linear donor DNAs in 
situ based on excision with FLP recombinasc (derived from the S.cerevisiae 2ft 
plasmid) and cleavage with I-Scel mcganuclease (3,33). Whereas linear molecules 
arc excellent substrates for HR. some injection procedures have achieved good 
(perhaps better) success with circular donors (34). Second, the size of the donor 
must be selected. How much homology between donor and target is required to 
achieve efficient gene replacement? Although this issue has not been thoroughly 
studied following ZFN cleavage, some information is available for repair of 
DSBs in Drosophila following P clement excision (35). The answer may depend 
considerably on the cells involved and the method of donor DNA introduction. 
Third and related to the second, what constraints are there on the relationship 
between the location of the alteration in the donor and the ZFN-induced cut in 
the target? Conversion tracts vary from tens to perhaps a few hundred base pairs 
in mammalian cells (36) to several kilobase in Drosophila (35), but again this 
may vary depending on experimental parameters. Can the efficiency of incorpo¬ 
ration of an alteration distant from the cut site be improved by extending the 
length of the donor distal to the alteration? This point has not been explored in 
any detail either. 

2. Materials 

2.1. General Materials 

1. Uscr-dcfincd synthetic oligonucleotides. 

2. Escherichia colt cells: DH5a. 

3. pENTR-ZFN (c.g., pENTRbcnlAFN) or pENTR-NLS-ZFN. The latter carries a 
nuclear localization sequence (NLS). which is crucial for the Drosophila RNA injec¬ 
tion method. These plasmids and their full nucleotide sequences can be obtained from 
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the Carroll Lab (Department of Biochemistry. University of Utah School of Medicine, 
Salt Lake City; www.biochcm.utah.edu/carToll). 

4. Standard bacterial plates and media and suitable antibiotics. 

5. T4 DNA ligasc (New England BioLabs. M0202S; Ipswich. MA). 

6. Taq DNA polymerase (New England BioLabs. M0267L); Platinum Toq polymerase 
(high fidelity; Invitrogen. 11304-011. Carlsbad. CA). We use the standard Taq poly¬ 
merase for most purposes and the high-fidelity version only for long polymerase 
chain reaction (PCR) products, like donor DNAs that are several kilobasc in length. 

7. PCR reagents and thermal cycler. 

8. Qiagen MinElutc columns and Qiagen Plasmid Maxiprep kits (Valencia. CA). 

2.2. Materials for Drosophila 

1. pCaSpcR-hs-DEST. This is a P element vector that has been modified so that it also 
serves as a Gateway Destination vector. Expression of the insert is driven by a 
Drosophila hsp70 heat-shock promoter. It is the recipient for ZFN-coding sequences 
in the heat-shock method. It is marked with a w* gene. 

2. pP{WhitcOut2}. This is another P element vector, made in Jeff Sckclsky's lab 
(Department of Biology. University of North Carolina. Chapel Hill. http;//sckclsky. 
bio.unc.edu) that serves as carrier for the donor DNA. The multiple cloning site is 
flanked by recognition sites for I-Scel and FLP. It is marked with a w’ gene that lies 
outside the FLP and I-Scel sites. 

3. Donor DNA. The nature of this component will depend entirely on the gene being tar¬ 
geted and the alteration desired. It must have homology with the target on both sides 
of the ZFN cut site, and the ZFN site in the donor should be modified to prevent its 
cleavage. (This adjustment may not be necessary 1171. but seems prudent.) It must be 
endowed with restriction sites at its ends compatible with the pP{ WhitcOut2) vector. 

4. Drosophila embryo injection equipment. This includes an upright or inverted micro¬ 
scope. micromanipulator (c.g., Narishige model MN-153; East Meadow. NY) needle 
puller, and glass capillary tubes for making needles. 

5. Dissecting microscope for screening flics. A source of C0 2 and simple equipment 
for anesthetizing flics while screening, is also very useful (Genesee Scientific. San 
Diego. CA. http;//www.flystuff.com). 

6. Aquagcnomic DNA extraction reagent (MuldTargct Pharmaceuticals. Salt Lake City. 
UT; http://www.aquaplasmid.com) for preparing genomic DNA from single adult flics. 

7. E. coli strains: DB3.1 (Invitrogen) for propagating pCaSpcR-hs-DEST and other 
DEST vectors (required to provide resistance to the product of the ccdB gene); DH5a. 

8. LR Clonasc II Enzyme Mix (Invitrogen). 

9. Drosophila strains (Drosophila Stock Center, http://flystocks.bio.indiana.edu/). 
a w ,lle recipient for transformations. 

b. Balancer stocks for mapping: 

i. w“ u /Dp(l: V) >•*; CyO/nub 1 b 1 noc111 srw>: MKRS/TM6B. lb'. 

ii. CyO/noc^. TM6/MRS. 

c. Stocks carrying heat-inducible FLP and I-Scel genes. 

i. y vi*; P/ryf*(7.2J = 70FLP/1IP 11*1.81 = TOl-Seel/ZB noc^/CyO. S 2 (on Cbr. 2). 

ii. > J w*; P/ry[*i7.2l = 70FLP/11 P/v/hLS/ = 70I-Scel/4A/TM6 (on Chr. 3). 

d. Stock expressing a Gal4-VP16 transcriptional activator in the gcrmlinc. 

i. PI GAL4:: VP! 6-nos. UlJt/MVD. 
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10. pP(U\Sp-DEST] (pPW) (hnpyA4wxjwcmh(^Tabstaiii*i>vGalcway%20v<x-torsJilml). 
This destination plasmid places an inscn received from an Enlry sector under the 
control of a Gal-UASp. which has been optimized for expression in the female 
germlinc (37). It is available from the Drosophila Genomics Resource Center. 
University - of Indiana, http://dgrc.cgb.indiana.cdu/. 

11. pCS2-DEST. This is a version of the in vitro transcription vector pCS2 that has been 
modified to sene as a destination sector. It is the recipient for ZFN-coding sequences 
in the injection method. 

12. In vitro transcription kit with SP6 RNA polymerase. We hasc used both AmpliCap 
SP6 High-yield Message Maker (Epicentre. Madison. WI) and mMessage mMachinc 
SP6 (Ambion. Austin. TX) with good results. 

13. Standard molecular biology supplies and equipment, including agarose gel elec¬ 
trophoresis. 

2.3. Materials for C. elegans 

1. Basic supplies and equipment for nematode husbandry and injcction. 

2. Fluorescence microscope set up to detect green fluorescent protein (GFP). 

3. pJMl-ZFN DNA (27j. This plasmid contains a ZFN-coding sequence from which the 
ZF segment can be excised by digestion with Ndel + Spe 1 and replaced with new ZF 
sequences from Subheading 3.1.. steps 5 or 9 above. For nematodes we currently do 
not use the Gateway system, but may switch to it in the future. Expression of the ZFN 
is driven by the nematode 16-48 heat-shock promoter. 

4. Carrier DNA (1-kb ladder. Invitrogen) and GFP marker plasmid (pPDl 18.33. 
Pmyo-2::GFP) for injections. 

3. Methods 

3.1. Methods for ZFN Construction 

Three very detailed protocols for constructing coding sequences for new ZF 
combinations have been published recendy. One involves assembly of pre-existing 
one-finger modules in sequential cloning steps (38). Chapter 4 describes production 
and assembly of new one-finger modules by PCR using an existing three-finger 
template. We prefer to make new three-finger sets from synthetic oligonucleotides, 
as this allows complete control over framework sequences and codon preference 
(32). We describe this approach briefly here. Once the ZF coding sequences have 
been obtained, they are cloned in-frame with the nuclease domain. We usually 
choose to make the initial ZFN inserts in a Gateway Entry vector (Invitrogen). 
which facilitates transfer to any of a number of Destination vectors designed to 
promote expression in various cells and organisms. 

1. Choose a gene to be targeted and search it for sequences that look like good ZF- 
binding sites in proper relative position. The search can be performed at either of the two 
websites designed for the purpose: one maintained by Carlos Barbas' lab (Scripps 
Research Institute, La Jolla. CA) (39). http://zincfingcrtools.org, and one by the Zinc 
Finger Consortium. http://www. zincfingers.org. The features of a promising site for 
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Ihrcc-fingcr ZFNs arc inverted 9-bp sequences made up of triplets for which good 
fingers exist separated by 6 bp. In some instances the 6-bp spacer will include or over¬ 
lap a restriction enzyme recognition sequence, which allows molecular screening for 
NHEJ products (27). but this will not always be possible. Additional details arc given 
in ref. 32. 

2. Design amino acid sequences of the ZFs that will bind each of the component 9-bp 
sites (ZFNa and ZFNb in Fig. 1). 

3. Design coding sequences for these ZF combinations. 

4. Synthesize long oligonucleotides corresponding to the designed coding sequences, 
and combine them by PCR. The product for each three-finger subsite should be 283-bp 
long, if our exact protocol is followed. 

5. Gel purify, and if necessary, rcamplify the 283-bp PCR product. 

6. Ligate into pENTR-ZFN (or pENTR-NLS-ZFN) in place of the existing ZF coding 
sequence. This requires cleaving vector and PCR product with Ndel and Spe I. recov¬ 
ering the desired fragments, and ligation. Detailed DNA sequences and reaction con¬ 
ditions arc given in ref. 32. 

7. Transform into competent E. coh cells—for example. DH5a—and select on plates 
containing kanamycin (50 pg/mL). 

8. Pick individual colonics and screen for the concct inserts—for example, by colony 
PCR (40) using one primer specific for the desired insert and another complementary 
to vector sequences. Ultimately, the inserts should be verified by sequencing. 

9. Purify the verified plasmid DNAs—for example, by a maxi-prep procedure using a 
Qiagen kit. 

3.2. Methods for Drosophila 

3.2.1. General Considerations 

Our original melhod for gene targeting with ZFNs in Drosophila involves inte¬ 
grating the ZFN-coding sequences and the donor DNA into the fly genome using 
P element vectors and driving ZFN expression with a heat-inducible promoter 
(19.22). We have also placed the ZFNs under Gal4-upstream activating sequence 
(UAS) control and shown that we can generate new mutations at high frequency 
by driving them with a Gal4-VP16 activator that is expressed in the gcrmlinc. 
Although very effective, these are rather laborious procedures that require con¬ 
struction of the various cloned DNAs. introducing them individually into flies, 
mapping, then bringing together all of the necessary components. More recently, 
we have begun to have success with a simplified protocol that involves direct 
injection of synthetic mRNAs for the ZFNs into Drosophila embryos. This pro¬ 
cedure has not yet been optimized, but we present all three approaches in the hope 
that other researchers will be motivated to help explore critical parameters. 

In these protocols, the ZFNs can be expressed in the presence or absence of donor 
DNA. Without donor, targeted cleavage leads to production of localized mutations 
through NHEJ (19.22). In some instances, this may be sufficient, if the goal is sim¬ 
ply to make a null mutation in the target gene. With the injection procedure, it is 
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easy lo prepare an injection mix that contains mRNAs for the two ZFNs, with or 
without a designed donor DNA. In the heat-shock method, there is a substantial dif¬ 
ference in the requirements for mutagenesis by NHEJ and gene replacement by HR. 

For simple mutagenesis, all that is needed are individual flies carrying an 
inducible transgene for each of the two ZFNs. Crossing these parents generates 
offspring with both ZFNs, and when these are induced, cleavage and mutagenesis 
should result. For gene replacement, the goal is to produce flics that carry both 
ZFN-coding sequences on a single chromosome, plus the donor DNA on a differ¬ 
ent chromosome, and genes for FLP and I-Scel, also under heat-shock promoter 
control (19.20). Fortunately, pairs of the latter two genes are available on chromo¬ 
somes 2 and 3 (41). and these can be crossed into the desired stocks. We always 
carry the donor construct in a separate stock from FLP and I-Scel. as we have 
found that leaky expression of one or both of these enzymes leads to destruction 
of the donor with time. 

3.2.2. Heat-Shock Method 

1. Run Clonasc reactions, following the supplier's instructions, using the pENTR-ZFNa 
and -ZFNb constructs from Subheading 3.1- step 9 and the pCaSpcR-hs-DEST sector. 
Reaction conditions we use arc described in ref, 32. 

2. Transform the products into E. coli DH5a and select for resistance to ampicillin 
(100 pg/mL). 

3. Screen individual colonics—for example, by colony PCR—and verify by DNA 
sequencing. In our experience, the Clonasc reaction is very efficient, so nearly all the 
colonics have the desired inscits. 

4. Purify DNA from verified clones for each of the two new ZFNs. Use the Qiagcn 
Maxiprcp Kit (or similar) to obtain suflicicndy pure DNA. 

5. Clone the designed donor DNA into pP|WhitcOut2); screen and verify' colonies as 
above. Purify - DNA from one verified clone. 

6. Transform each of the above plasmid DNAs individually into Drosophila embryos 
using standard methods (c.g.. bttpy/www.mollno.wLsc.cdu'canollhncdiods/miscellaneous). 
This involves making injection mixes with your DNAs (600-800 pg/mL) and the P 
transposasc expression plasmid px25.1wc (100 pg/mL) in 0.1X phosphate-buffered 
saline buffer. Inject approx 200 w" ls embryos with each DNA individually: 
pCaSpcR-hs-ZFNa. pCaSpcR-hs-ZFNb. and pP|WhitcOut2)-donor. 

7. Collect cclosing adults and cross to w ,,B partners. Offspring from these crosses with 
pigmented (not white) eyes arc successful transformants. 

8. Map the transgcncs to one of the Drosophila chromosomes using mapping stocks, 
such as w" ,s /Dp(I. Y)y t ; CyOMub 1 H not*’ III srw> : MKRS/TM6B. Tb>. 

9. If you want to generate targeted mutations by NHEJ after ZFN cleavage, you can 
simply cross flies carrying the ZFNa and ZFNb transgcncs. For example. w ,n, IY: 
ZFNa/CyO x w"": ZFNhCyO. Place two to four parents of each type in a single 
vial. Three or four days later, remove the parents and place the vials in a 3TC water 
bath for 1 h. then return it to room temperature or a 25°C incubator. During the heat 
shock, press the cotton plug part way into the vial, so the larvae cannot crawl above 
the water level and escape the heat shock. 
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10. When flics cclosc from these vials, thcii offspring can be screened for new mutations 
in the target gene. If the mutant phenotype is known, the flics can be crossed to 
known mutants. Otherwise, a molecular screen is possible using PCR. We have 
obtained frequencies of mutagenesis in up to approx 10 % of all progeny of such 
crosses (19), so such a screen is feasible. We use the aquagcnomic DNA extraction 
kit to prepare DNA from individual flics for PCR. 

11. For gene replacements, we first place the two ZFN transgcncs on the same chromatid 
by recombination in the female gcrmlinc. Cross flics carrying the individual trans¬ 
genes that have been mapped to the same chromosome—for example, chromosome 2 . 
Screen progeny of females by PCR to identify - those carrying both transgcncs using 
primers specific to unique ZFNa and ZFNb sequences. The frequency of recombina¬ 
tion depends on the distance between the transgcncs on the genetic map. but is rarely 
too low to be useful. 

12. Create the following stocks (this assumes the ZFN. FIP. and I-ScI transgcncs arc on 
chromosome 2 and the donor on chromosome 3. but analogous situations apply to 
other locations): (FLP) (I-Sceiy(ZFNa) (ZFNb) and Donot/MKRS. Cross individuals 
from these stocks in individual vials and heat shock as in step 9 above. 

13. Screen for new mutations in the target gene as in step 10 above. There will inevitably 
be NHEJ mutations. To find the desired gene replacements, you will need to design 
a PCR or other assay that identifies these specifically. We have incorporated diagnos¬ 
tic restriction sites into our donors, the presence of which can easily be detected in 
PCR products (19.20). 

3.2.3. UAS Method 

1. Run Clonasc reactions, as in Subheading 3.2-2. step 1 above, using the pENTR-ZFNa 
and -ZFNb constructs from Subheading 3.1.. step 9 and the pP|UASp-DEST) vector. 

2. Transform DH5a. verify the resulting clones, and make DNA as in Subheading 
3.2.2.. steps 2-4 above. 

3. Transform each of the above plasmid DNAs individually into Drosophila embryos as 
in Subheading 3.2.2. step 6 above. Follow Subheading 3.2.2. steps 7-8 to recover 
flics with the UASp-ZFNa and UASp-ZFNb transgcncs and map them to specific 
chromosomes. 

4. Recombine UASp-ZFNa and UASp-ZFNb transgcncs onto the same chromatid, as 
described in Subheading 3.2-2.. step 11 above. 

5. For targeted mutagenesis through NHEJ. cross flics carrying the two ZFN genes with 
flics with Gal4-VP16fk>s. Induction occurs in cells in which the nos gene is normally 
expressed, so no heat shock is necessary. 

6. Screen for new mutants as in Subheading 3.2-2.. step 10 above. 

3.2.4. Injection Method 

1. Run Clonasc reactions, as in Subheading 3.2J.. step 1 above, using the pENTR- 
NLS-ZFNa and -ZFNb constructs from Subheading 3.1.. step 9 and the pCS2-DEST 
vector. (It is also possible to insert annealed oligonucleotides encoding an NLS into 
pENTR-ZFNa and -ZFNb. if the NLS vector was not used initially.) 
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2. Transform DH5a, verify the resulting clones, and make highly purified DNA as in 
Subheading 3.2.2.. steps 2-4 above. 

3. Linearize the plasmids by digestion with Noll, which cuts distal to the 3'-UTR 

4. Transcribe the pCS2-NLS-ZFNa and pCS2-NLS-ZFNb DNAs using the AmpliCap 
or mMessagc mMakcr kit. Examine the resulting RNAs by agarose gel electrophoresis 
to ensure that they arc full length. 

5. Prepare an injection mix that has 350-800 pg/mL of each RNA. If gene replacement 
is desired, include the donor DNA in a circular plasmid at 1500 pg/mL. 

6. Inject -300 Drosophila embryos with this mix. When adults cclosc. screen them for 
new targeted mutations as described in Subheading 3.2.2.. step 10 above. 

3.3. Methods for C. elegans 

At the time of this writing, we have achieved hrgh frequencies of ZFN-induccd 
somatic cleavage and mutagenesis of both a synthetic and a pre-existing genomic 
target in nematodes (27)'. but we have yet to accomplish germltne ZFN expression 
or targeted gene replacement. Nonetheless, we present procedures for somatic 
cleavage, as they are useful for studying aspects of DSB repair, and they repre¬ 
sent a significant step on the route to germline gene targeting in the worm. As sug¬ 
gested in ref. 27. several approaches to overcome germline silencing of ZFN 
transgencs suggest themselves and are under exploration in our lab currently. 

1. Digest the gel-purified PCR product from Subheading 3.1.. step 5 and pJMl-ZFN 
separately with Nde I ♦ Spe I. 

2. Gel purify the large fragment from both digests. 

3. Mix and ligate the purified fragments. 

4. Transform the products into E coli DH5a and select for resistance to ampicillin 
(lOOpg/mL). 

5. Screen individual colonics—for example, by colony PCR—and verify by DNA 
sequencing. 

6. Purify- DNA from verified clones for each of the two new ZFNs. 

7. Digest both of the ZFN plasmids and pPDl 18.33 with Seal to linearize them. 

8. Prepare an injection mix containing each of the Seal-digested ZFN plasmids at 
5 pg/mL. pPDl 18.33 at 1 pg/mL. and 1-kb ladder at 100 pg/mL. 

9. Inject this mix into the syncytial gonad of approx 10 hermaphrodite worms. 

10. Screen offspring of the injected worms for progeny showing GFP expression in their 
pharynx, indicating successful formation of an cxtrachromosomal array. Monitor 
GFP in subsequent generations to ensure that the array is stable. 

11. Transfer 8-10 nematodes at larval stages L2 and L3 to an agar plate. Wrap the plate 
in Parafilm (Pcchincy Plastic Packaging Co.. Chicago. IL). place in a 35‘C water bath 
for 1 h. then return to room temperature and remove the Parafilm. 

12. On the following day. repeat the 1-h 35°C heat shock. Return to room temperature 
for several hours. 

13. Isolate total DNA by freezing the worms individually at -SO’C in 3 pL of single 
woiro lysis buffer (50 mVf of KC1. 10 mW ofTris-HCl [pH 8.3J. 2.5 mM of MgCL. 
0.45% of NP-40, 0.45% of TVccn-20. 0.01% gelatin. 200 pg/mL of proteinase K). 
Lyse the worms at 65°C for 1 h. followed by 95°C for 15 min. 
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14. To assess sequence changes in the target, it can be amplified by PCR with specific 
primers and examined by cloning and sequencing or other methods appropriate to the 
specific target (27). 

15. Alternatively, if a phenotypic change is anticipated following ZFN cleavage and 
repair, this can be evaluated after the heat shocks. 

4. Notes 

1. One issue with the ZFNs has been toxicity owing to off-target cleavage 
I4.I7.19J2.25). In Drosophila we perform a simple test for lethality by heat-shocking 
flics carrying each ZFN transgcnc singly. Flics heterozygous for the ZFN sequence 
and its associated w* marker arc crossed to w ,,ls partners, and their progeny arc 
heat shocked as in step 9. Subheading 3.2.2. Just before heat shock, the parents arc 
transferred to a fresh vial where they continue to produce offspring that serve as con¬ 
trols. The numbers of tv* and w flics arc counted in the induced and control vials. A 
deficiency of tv* offspring after heat shock indicates a problem with ZFN-induccd 
lethality. In such a ease, it is often possible to find a lower heat-shock temperature 
that allows survival and retains some efficacy (19J2). 

2. In the Drosophila hcal-shock method, we typically perform the heat induction 3 or 4 d 
after initiating a cross (Subheading 3.2.2.. step 9). One experiment on the timing of 
the heat shock showed that equivalent frequencies of targeting were obtained after 
induction on the second, third or fourth day. but a substantially a lower frequency 
when induced after only 1 d (A.B.. unpublished results). This was true in both males 
and females, and we presume it reflects the capabilities of germline cells at different 
stages of development. 

3. In standard P element transformations, it is common to lose 25-40% of the injected 
animals at hatching and owing to sterility of the adults. When injecting ZFN mRNAs. 
we generally see a higher level of loss (70-90%). although we have not demonstrated 
that this is because of cleavage activity. 

4. It is important to be able to distinguish the modified target from residual donor when 
assaying a gene replacement experiment by PCR (Subheading 3.2.2.. step 13). One 
solution is to design PCR primers so that one is in target sequences outside those 
present in the donor. If this is impractical, you can propagate the altered target to the 
next generation and choose offspring in which the donor chromosome has segregated 
away. This can be done by monitoring loss of the associated tv* marker or by judi¬ 
cious use of balancers. 

5. RNA is much mote sensitive to degradation than DNA. so we make fresh mRNA 
preparations quite frequently and check them by electrophoresis within 1 d of injec¬ 
tion. We store RNAs at -80°C under ethanol to minimize degradation. 

6. In the Drosophila RNA injection experiments, it is absolutely necessary to endow the 
ZFNs with a nuclear localization sequence. This has not been required in the heat shock 
or UAS methods, perhaps because of the timing and/or duration of ZFN induction. If 
germlinc precursor cells arc dividing while ZFN proteins arc present, they could gain 
access to the genomic target when the nuclear membrane breaks down at mitosis. 

7. In the injection procedure, we arc still exploring optimum concentrations for the 
mRNAs and the donor DNA. If the ZFNs induce significant lethality, it may be nec¬ 
essary to reduce one or both RNA concentrations. It is possible that donor concentra¬ 
tions higher than we have used to date would increase the yield of gene replacements. 
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8. In all the Drosophila methods ZFN induction occurs during the premciotic stage of 
germ cell development. As a consequence, we often recover multiple offspring carry¬ 
ing the same new mutation from a single parent. For HR products, it is not possible 
to tell whether or not these result from independent events. In the ease of NHEJ 
products, the spectrum of sequence changes is sufficiently broad that clusters of the 
same mutation almost certainly result from mitotic divisions and ultimate gamete for¬ 
mation following a single mutagenic event in a precursor cell. 

9. Expected results for Drosophila. From the heat-shock method, we have obtained fre¬ 
quencies of targeted gcrmlinc mutagenesis in the ty gene owing to NHEJ as high as 
14% of all offspring of heat-induced parents 119). In the presence of an excised lin¬ 
ear donor, the frequency of targeted gene replacement can be as high as 15% of all 
offspring. These frequencies were obtained in the female gcrmlinc: in males the fre¬ 
quencies were somewhat lower. Using the UAS method, we have achieved very high 
levels of NHEJ mutagenesis in the ry gene (K.J.B. and J.K.T.. unpublished results). 
All of the flics, both males and females, which carried the UASp-ZFN pair and the 
Gal4-VP16«os driver gave mutant progeny; and more than half of all offspring 
were new mutants. To date we have not included a donor DNA in this protocol. We 
have also had good success with the injection method, using ZFN RNAs for the ry 
gene. As noted earlier, the survival is considerably lower than with the standard DNA 
injections for transformation, usually in the range of 20-30%. Among the flies 
surviving to be assayed for gcrmlinc mutations, about 40% give mutant progeny, with 
similar results for males and females. The number of mutants per productive parent is 
typically quite large, with some individuals yielding only ry offspring. In two experi¬ 
ments with a coinjcctcd circular donor DNA. 7% of the mutants were the result of 
gene replacement, and the rest were NHEJ products. 

10. If there is any question about whether both ZFN expression plasmids arc incorporated 
into an array in nematodes (Subheading 33.. step 8). PCR assays can be designed with 
one primer corresponding to a unique sequence within the ZF coding region and another 
within vector sequence. If primers specific for both ZF sets give good amplification, 
both ZFN plasmids arc present If you arc still nervous, you can even sequence some 
such products to be certain. 

11. Expected results for C. elegans. As described in ref. 27. we have recovered high levels 
of ZFN-induccd NHEJ mutations in both a synthetic target on an cxtrachromosomal 
array and in a pre-existing genomic target. In both eases, the frequency of mutations 
was approx 20% of PCR-amplificd targets. 

12. If you want to test the ability of new ZFNs to cut their designed target, this can be 
done by creating a synthetic version of that target and assaying cleavage and mutage¬ 
nesis in worms (27). Make synthetic oligonucleotides that represent the ZFN target 
and clone them into an arbitrary vector. Coinject this target along with the two ZFN 
expression plasmids to form an array. After heat induction and DNA isolation as in 
Subheading 33.. steps 9 and 10. the region containing the synthetic target can be 
amplified. A simple way to design the assay is to include a unique restriction site in 
the 6 bp between the two ZFN-binding sites and to test if a fraction of the PCR prod¬ 
ucts has become resistant to that enzyme (27). If so. this indicates that the ZFNs made 
the expected cut and repair by NHEJ led to sequence alterations in the target. 
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Orpheus Recombination 

A Comprehensive Bacteriophage System for Murine Targeting Vector 
Construction by Transplacement 


Knut Wolljen, Kenichi Ito, Teruhisa Tsuzuki, and Derrick E. Rancourt 


Summary 

In recoil years, methods lo address the simplilkati(® of targeting vector (TV) construction have 
been developed and validated. Based on in vivo recombination in Escherichia coli. these protocob 
have reduced dependence on restriction endonucleases, allowing the fabrication o1 complex TV 
constructs with relative ease. Using a methodology based on phage-plasmid recombination, we have 
developed a comprehensive TV construction protocol dubbed Orpheus recombination (ORE). The 
ORE system addresses all necessary requirements for TV construction: from Ihe isolation of gene- 
specific regions of homology to Ihe deposition of selection/disruption cassettes. ORE makes use of 
a small recombination plasmid, which bears positive and negative selection markers and a cloned 
homologous "probe" region. Ibis probe plasmid may be introduced into and excised from phage- 
bome murine genomic clones by two rounds of single crossover recombination- In this way. desired 
clones can be specifically isolated from a heterogeneous library of phage. Furthermore, if the probe 
region contains a designed mutation, it may be deposited seamlessly into the genomic clone. The 
complete removal of operational sequences allows unlimited repelititm of the procedure to cus¬ 
tomize and finalize TVs within a few weeks. Successful gene-specific clone isolation, point muta¬ 
tions. large deletions, cassette insertions, and finally comcideot clone isolation and mutagenesis 
have all been demonstrated with this method. 

Key Words: Bacteriophage-/.: embryonic stem cell; y. gene targeting vector; library screening; 
phage-plasmid recombination; supF; suppressor tRNA; transplacement mutagenesis. 

1. Introduction 

Gene targeting in murine embryonic stem (ES) cells is an extremely potent 
method of introducing rationally designed modifications into the mouse genome, 
and has completely revolutionized the field of functional genomics (I). The 
complexities of standard targeting vector (TV) construction, compounded by the 
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demands for more complex mutation types, has been a major bane for mouse 
geneticists. To address these TV construction issues, we have developed tech¬ 
niques which have been compiled into a single recombination-based TV con¬ 
struction system using bactcriophage-X as a contiguous scaffold—Orpheus 
recombination (ORE)*. 

Unlike many static plasmid or bacterial artificial chromosome systems in recom¬ 
bination-proficient bacteria, we have found that transient bacteriophage infections 
in rec+ bacterial hosts allow the cloning and maintenance of large regions of 
homology, which normally succumb to rearrangements. Recombination of X 
genomes with homologous elements in circular plasmids appears to be depend¬ 
ent on the Escherichia coli RccABCD pathway (2.3), an event which is 
enhanced nearly 1000-fold by the X-phage recombination adept with plasmids 
(rap) gene (4). We have taken advantage of this in vivo recombination phenom¬ 
enon to produce simple TVs through a double crossover selection scheme (5). 
From our original trials with double crossover phage-plasmid recombination, we 
have moved to more efficient single crossover mechanisms using the small 
probe plasmid rtANy (see Fig. 1A) (6). a derivative of 71ANI3 (7). The 
positive-negative selection potential of JlANy has allowed us to develop simple 
methods of seamless mutagenesis (6,8.9) and improved recombination-based 
library screening techniques (10,11). To further streamline TV construction, we 
have prepared a partially completed TV library of genomic clones from the R1 ES 
cell line in XTK (see Fig. IB) (11). The basic recombination and selection princi¬ 
ples of the ORE system are outlined in Fig. 2. 

In our hands, ORE has been applied to the specific isolation of genomic clones 
from the XTK library for approx 200 genes. We have also been successful with 
various downstream genomic clone modifications such as the deposition of unique 
restriction sites (6,8,9) or lox P elements, removal of introns without coding region 
disruptions, and finally the insertion of sclection/disruption cassettes to finalize 
replacement TVs (9). It is also important to highlight the potential to combine both 
retro recombination screening (RRS) and transplaccment mutagenesis (TM) 
protocols to coincidentally isolate and mutagenize clones from the XTK library 
(9). theoretically allowing TVs to be completed in one step. The simplicity of the 
procedure allows multiple TVs to be processed in parallel. 


•Why Orpheus? Syrinx (the nymph pursued by the Pan, who changed her shape to that 
of reeds to escape the God) and Charon (the spectral figure who ferries the dead across 
the river Styx), two well-known bactcriophagc-X cloning vectors, arc the parents of the 
XTK phage vectors used in our recombination system. In keeping with this naming tradi¬ 
tion. wc have dubbed the system ' Orpheus." Although Orpheus was the only mortal to 
enter and depart from the underworld alive, he left a part of himself behind, a suitable par¬ 
allel to the integrative and cxcisivc recombination used to deposit designed modifications 
in phage-born clones. 
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Fig. 1. Phage and plasmid components for TV construction using the ORE system. (A) 
Diagram of the xANy probe plasmid and associated multiple cloning sites. The plasmid 
contains positive (supF) and negative (y) genetic markers used to monitor the integrative 
and excisivc recombination events, respectively. The positions of universal screening 
primers (riH. nP. nB. and hE) arc indicated. (B) The XTK phage vector. Essential genetic 
markers and landmark restriction endonuclease sites arc shown (ste text for details). 
Inclusion of the herpes simplex virus thymidine kinase gene (TK1) allows phage clones to 
be used as replacement TVs following the addition of a eukary otic sclection/disruption cas¬ 
sette. The positions of universal screening primers (TKL and TKR) arc indicated. Sequence 
information for nANy and the XTK vector arc available on request. 


The ORE protocols described herein relate specifically to the isolation and 
modification of murine genomic clones for the purpose of TV construction. 
However, the core ORE system is not limrtcd to these ends alone, and may be 
used to generate mutant eDNA clones, modify promoter elements, construct 
transgencs or minigenes, and beyond. The principles of ORE may be adapted to 
TV construction in a variety bacteriophage vectors. Protocols included for stan¬ 
dard manipulation and analysis of bacteriophage-/, vectors and their DNA clones 
arc relevant to all of these applications. 

2. Materials 

2.1. Probe Plasmid Preparation 

1. JtANy plasmid 16). 

2. Library screening or mutagenic probe DNA (polymerase chain reaction [PCR] prod¬ 
uct. restriction fragment. eDNA fragment, or synthetic oligonucleotide). 

3. Restriction endonucleases (Invitrogen. Carlsbad. CA) for standard plasmid cloning 
and recombinant DNA analytical procedures. 

4. T4 DNA ligasc (Invitrogen) for standard plasmid cloning procedures. 
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Fig. 2. Principles of the recombination and selection steps fo* RRS and TM. (A) Pure 
(TM) or heterogeneous (RRS) p*iage clones arc passaged over the MC1061(p3) host 
containing a .rAN*/ probe-plasmid. In the case of TM. this probe region bears a mutation 
for transplaccment. The plasmid is integrated into the phage by single crossover homo¬ 
logous recombination, and the event is selected by supF suppression of phage and host 
amber mutations. Integration of the plasmid into the phage results in a duplication of the 
region of homology, flanking plasmid operational sequences. (B) Condensation and 
plasmid excision occurs spontaneously through a second single crossover recombination 
event between the duplicated homology regions. Phage having undergone condensation 
and plasmid loss arc capable of growth on a P2 lysogen. During TM applications, if the 
second recombination event occurs contra-lateral to the integration event (-50% of the time 
for balanced-homology probes) the subtle mutation is seamlessly deposited into 
the target phage. During RRS. the genomic clone is returned to its native state, purified 
from the library pool. Note that the phage and plasmid arc not drawn to scale. 


5. 20 mg/mL of glycogen. 

6. 3 M NaOAc (pH 5.2), autoclaved. 

7. 100% Ethanol and 70% ethanol. 

8. Sterile water, micron filtered and autoclavcd. 

9. 10% Glycerol solution, autoclavcd. 

10. MC1061(p3) (tecA': supP pSIkan*; amp* am; ;er*am)) clcctrocompetcnt cells 
(see Notes 1 and 2). 

11. Bacterial clcctroporator for plasmid transformation (Gene Pulscr. Bio-Rad. CA). 

12. 0.2-cm gap bacterial electroporation cuvets (Gene Pulscr. Bio-Rad). 

13. Luria Bcrtani (LB) liquid medium. 
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14. LB solid medium (15 g/L bacto-agar). autoclave, cool to 50°C before addition of 
antibiotics. 

15. Tetracycline solution: 12.5 mg/mL in 70% ethanol, store at -20 D C. light-sensitive. 

16. Ampicillin solution: 25 mg/mL in water, filter-stcrilizc. store frozen at —2Q“C. 

17. Kanamycin solution: 25 mg/mL in water, filter-stcrilize. store frozen at -20°C. 

18. Synthetic oligonucleotide primers for plasmid PCR screening and sequencing 
(5'—»3'|: rtH-TTTGTGATGCrCGTCAGG: xP-GCTTGATCTC AGTTTC AG. nB- 
GCTGGCTGAACGTGTCGGCATG; nE-GGCGCATCATATCAAATG. 

19. Standard recombinant Taq polymerase PCR system. 

20. Plasmid mini-prep kit (Qiagen. Valencia. CA). 

21. Dimethylsulfoxide (DMSO). 

22. 1.5-mLMicrofugc tubes. 

23. 100-mm Petri dishes. 

24. Glass or plastic pipets (10 mL). 

25. Glass culture tubes, autoclaved. 

26. 37°C cabinet and shaking incubators. 

2.2. Standard Bacteriophage Manipulation Techniques 

1. 10 mAf of MgS0 4 solution. 

2. SM buffer (per liter): 5.8 g of NaCl. 2 g of MgS0 4 7H,0. 50 mL of 1 M Trrs-HCl 
(pH 7.5). and 5 mL of 2% gelatin solution, autoclave and aliquot. 

3. LBM (LB-Mg 2 * low salt) agar (per liter): 5 g of NaCl. 5 g of yeast extract. 10 g of 
bacto-tryptone. 1 g of MgCl ; -6H ; 0. and 15 g of bacto-agar. autoclave. 

4. LBM (LB-Mg 21 low salt) top agar (per liter): 5 g of NaCl. 5 g of yeast extract. 10 g 
of bacto-tryptone. 1 g of MgCljtilLO. and 7.5 g of bacto-agar. autoclave, liquefy in 
microwave and equilibrate to 48 : C before use. 

5. Chloroform. 

6. 48°C water bath or heat-block to equilibrate molten top-agar. 

7. 5 3 / 4 in. glass Pasteur pipets and small pipet bulbs. 

8. 15- and 50-mL polypropylene tubes. 

2.3. Phage-Plasmid Recombination 

1. For RRS applications: ES cell genomic library in bacteriophage (c.g.. XTK R1 library 
IIIT. tee Notes 3 and 4). 

2. For TM applications: purified phage genomic or eDNA clone {see Note 4). 

3. LG75 {rt(A'\ supF”-. toeZ*") plating cells. 

4. LE392 (recA 1 ; supE: supF) plating cells. 

5. P2392 (P2 lysogen of LE392) plating ccUs. 

6. Optional: DK21 (recA’; supFlacZasn. dnaBPI Fan) plating cells. 

7. LBM (LB-Mg 21 low salt) medium (per liter): 5 g of NaCl. 5 g of yeast extract. 10 g 
of bacto-tryptone. and 1 g of MgCl 2 6H 2 0. autoclave. 

8. Isopropyl-p-D-1 -thiogalactopyranosidc (1PTG) solution: 20 mg/mL in water, filter- 
stcrilizc and store frozen at -20°C. 

9. 4-Chloro-5-bromo-3-indolyI-p-i>galactopyranoside (X-Gal) solution: 20 mg/mL in 
dimethylfonnamidc. store at -20°C. light-sensitive. 
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2.4. Bacteriophage DNA Isolation 

1. Polyethylene glycol (PEG8000). 

2. Sodium chloride (NaCl). 

3. 40‘S PEG8000: 2.5 M NaCl solution. 

4. 10 mg/mL of RNascA. 

5. 10 mg/mL of DNascI. 

6. 10 mg/mL of proteinase K. 

7. Cesium chloride (CsCl). 

8. TM dialysis buffet (pet liter): 50 mL 1 Af Tris-HCi (pH 7.8). 5 mL of 1 M MgSO t . 
autoclaved. 

9. 10^5 of Sodium dodccyl sulfate (SDS) solution, autoclaved. 

10. 0.5 M Ethylene diamine tetra acetic acid (EDTA) (pH 8.0). autoclaved. 

11. Buffer-saturated phenol, chloroform and phenolthlotofoim mixtures (50:50). 

12. 10 mAf Tris-HCl (pH 8.0). 

13. Ultraccntrifugc and 5-mL ultraccntrifugc tubes (Beckman. CA) for CsCl gradient 
separation of X-phage particles. 

14. 18-Gauge needle and 2-5 mL syringes. 

15. Dialysis tubing and clamps. 

2.5. Bacteriophage DNA Analysis 

1. Synthetic oligonucleotide primers for >.TK library clone end sequencing (S'—*3'): 
TKL-GGGGTITGCTCG AC ATTGGG; T KR- A ACACTC GTC CG AG AATAAC. 

2. Restriction endonucleases (Invitrogcn). Suggested: EcoRI. HindlU. Noil and Sail. 

3. Methods 

3.1. Probe Plasmid Preparation 

The nature of the probe region is dependant on the stage of ORE (RRS or TM). 
as well as the design of the mutation to be deposited. In RRS applications, we often 
use genomic PCR for the preparation of gene-specific probe regions. For clones of 
average representation in the XTK library. 250-500 bp of homology is sufficient for 
high-frequency homologous recombination. Using genomic alignment tools such as 
Basic Local Alignment and Search Tool (see http://l 30.14.29.110/BLAST/) to score 
probe regions for identity and repetitive DNA element avoidance is recommended 
to reduce the chance of false-positives. Design the genomic PCR pnmers to contain 
restriction endonuclease sites for simplified llANy cloning. Note that the fragments 
may also be cloned blunt mto the Smal site of the JiANy multiple cloning site (see 
Fig. 1 A). Additional sources of probe DNA for RRS include restriction fragments, 
or contiguous regions of gene-specific cDNA clones (see Note S) (11). 

For TM applications using a pure phage population, an overall homology 
length of 50 bp (25-bp flanking each side of the mutation) is sufficient for recom¬ 
bination (6.8). It is important to note that this value is unaffected by the size of 
the intervening insertion or deletion (see Note 6). Probe regions for small changes 
such as base pair mutations, amino acid substitutions, splice site modifications. 
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and restriction enzyme recognition site insertions are easily prepared using 
complementary synthetic oligos. Design oligos to include overhangs, which will 
simplify the ttANy cloning procedure. For larger insertions (such as seketiem/disruption 
cassettes for gene targeting) or deletions, probes may be prepared using long-oligo 
PCR. such that the homology region is included at the ends of the 5' and 3' 
primers. Alternatively, more complicated mutagenic probe elements may be prepared 
by ligation or fusion of two PCR amplicons (9). For coincident RRS and TM 
applications, probes must bear sufficient homology lengths flanking the mutation 
site to ensure gene-specific clone isolation. 

1. Set up a ligation reaction containing 25-50 ng of the appropriately digested icANy 
plasmid (see Note 7). and a threefold molar amount of the probe fragment. Add 2 pL 
of 5X reaction buffer, and 1 pL of T4 DNA ligasc (Invitrogcn). Increase the reaction 
volume to 10 pL with sterile water. Incubate at room temperature for 1-4 h for sticky 
end or 4-16°C for at least 4 h for blunt end ligation. 

2. Add 1 pL of glycogen (20 mg/mL) and increase the total volume to 100 pL. 
Precipitate the reaction with 10% vol 3 M NaOAc and 2 vol 100% ethanol. Wash in 
70% ethanol, air-dry briefly, and resuspend the sample in 10 pL of sterile water. 
Increase the volume to 40 pL with 10% glycerol. Chill on ice. 

3. Add 10-20 pL of MC1061(p3) elcctrocompetcnt cells (see Note 1) and transfer to a 
prccoolcd 0.2-cm-gap cuvet Electroporate using the following conditions: 2.5 mV. 
400 £2. 25 pFD. 

4. Allow the cells to recover through growth for 30-15 min at 37°C (shaking. 260 rpm) 
in 500 pL of LB medium. 

5. Plate the cell suspension on LB-AKT (ampicillin-25 pg/mL: kanamycin-50 pg/mL: 
tetracycline-12.5 pg/mL) ( see Notes 8 and 9). Grow overnight at 37=C. 

6. Circle, number, and pick clones from the plate (see Note 10). Touch the clones slightly 
with a 2-pL micropipet tip. and rinse directly into a PCR tube containing 10 pL of 
sterile water (see Note 11). 

7. Set up the PCR colony screen as follows: master mix (per reaction): 1 pL of dNTPs 
(10 pAf each). 1 pL of each primer (nH ♦ nP or nB ♦ JtE: 10 prool/pL Subheading 
2.1.. step 18). 2.5 pL of PCR buffer (10X). 0.75 pL of MgCL <50 mAf). 0.25 pL of 
Tttq polymerase (Invitrogcn). and 8.5 pL of sterile water. Add 15 pL to each colony 
suspension (final volume 25 pL). 

8. Standard PCR screening conditions are: 95°C for 5 min (95°C for 30 s. 56°C for 30 s. 
and 72°C for 90-120 s) x 30 total cycles. 72°C for 5 min. 4 C C hold. 

9. Resolve the products on a gel. and highlight positive clones. 

10. Repick choice-positives into liquid LB-AKT (3 mL) for overnight culture QTC, 
260 rpm). 

11. Optional: mini-prep 2 mL of the culture using the Qiagcn plasmid mini-prep kit. 
Confirm the insert by restriction analysis. 

12. Optional: send 150-200 ng xAN’y plasmid DNA for sequencing with the appropriate 
primers (see Note 12). 

13. Keep the remaining 1 mL of culture for storage of positive clones as frozen permanents 
(in 7% DM SO). 
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3.2. Standard Bacteriophage Manipulation Techniques 

3.2.1. Preparation oi Host Plating Cells 

1. Inoculate a 10 mL culture of LB medium in a 50-mL polypropylene tube with an 
isolated colony of the appropriate host strain, and grow the bacterial culture at 37"C 
in a shaking incubator (-260 rpm) to an OD^ - 0 . 8-1 (-16 h). 

2. Pellet the cells by centrifugation at 3000g for 10-15 min. 

3. Remove the supernatant and resuspend the pellet in 4 mL of 10 mAf MgS0 4 . 

4. Store the plating cells at 4°C. Plating cells prepared and stored in this fashion may be 
used for up to 4 wk. 

3.2.2. Bacteriophage Plating 

1. Incubate 100 pL of appropriate plating cells with 100 pL of the phage suspension in 
a glass culture tube at room temperature for 15 min. 

2 Add 4 mL LBM molten (48 : C) top agar, and mix gently. 

3. Pour the mixture onto the surface of a prepoured 100-mm LBM bacterial plate, allow 
the top agar to solidify at room tcmpcralurc for approx 5 min. and grow inverted at 
37°C overnight 

3.2.3. Bacteriophage Plaque Isolation 

1. Pick isolated plaques with a short glass pipet and pipet bulb. Core the plaques and 
expel the entire agar plug into 500 pL of SM buffer in a 1.5-mL microfiigc tube. 

2. Add a few drops (-50 pL) of chloroform. 

3. Elute the phage with gentle rocking at room temperature for at least 1 h. 

3.2.4. Preparation of a High-Titer Phage Stock 

1. Prepare a phage culture in a 50-mL polypropylene tube by incubating 100 pL of 
plating cells with 5-10% (25-100 pL) of a plaque cluate for 15 min at room 
temperature. 

2. Add 10 mL of LBM medium, and incubate shaking (260 rpm) at 37 : C for 6-9 h. or 
overnight. Gearing of the culture or formation of stringy/flocculent bacterial debris 
is a good indication of lysis. 

3. Add 200 pL chloroform and shake (260 rpm) for 10 min at 37°C to complete lysis 
and maximize phage yield. 

4. Pellet cellular debris at 3000g for 20 min. Transfer the supernatant into new 15-mL 
polypropylene tube and store at 4 C C (see Note 13). 

3.2.5. Bacteriophage Titer Determination 

1. Prepare a 10-fold dilution series in SM buffer spanning expected range relevant to the 
stock, which is being quantified (see Note 14). 

2. Plate 100 pL of each phage dilution on the appropriate host strain (usually the unre- 
strictive host LE392). Note that plating 100 pL acts as an additional 10' 1 dilution. 

3. Count the resulting plaques and multiply by the inverse of the dilution factor to obtain 
an estimate (see Note 15). Bacteriophage titers arc expressed as plaque-forming units 
per milliliter (PFU/mL). 
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3.3. Phage-Plasmid Recombination 

The basic principles of phage-plasmid recombination required for both RRS 
and TM arc shared (see Fig. 2). TTie differences in the protocols lie primarily in 
the design of the probe regions (see Subheading 3.1.). and the phage pool, which 
is used for primary infection. Owing to these similarities, one common ORE pro¬ 
tocol has been provided for both RRS and TM applications. Please take note of 
the subtle differences as they have been indicated. 

1 . Subculture the appropriate MC1061(p3; nANy) strain dnectiy from an isolated colony 
or the frozen permanent in 2 mL LB-AKT (ampicillin-25 pg/mL: kanamycin-50 pg/mL; 
tctracyclinc-12.5 pg/mL) (see Note 8). Grow shaking 1260 rpm) overnight at 37°C. 

2 . Pellet 1 mL of culture at 8GWg for 2 min. Remove the supernatant and resuspend the 
cells in 100 pL of 10 mAf MgS0 4 . Optional: process the remaining 1 mL of bacterial 
culture for rcanalysis of the plasmid. 

3. Mix 100 pL of MC1061(p3: icANy) ccUs with 100 pL of the XTK library (for RRS. 
3 x 10 8 PHJ/mL) or purified phage done (for TM. 1 x 10 5 PFTJ/mL) in a glass cul¬ 
ture tube. Let stand at room temperature for 15 min. 

4. Add 4 mL LfiM-A (ampicillin-50 pg/mL) liquid medium and grow shaking (260 rpm) 
at 37"C for 2-6 h (see Note 16). 

5. Add 100 pL of chloroform and shake (260 rpm) for 10 min at 37°C. 

6 . Remove cellular debris by centrifugation in a 15-mL polypropylene tube at 3000g for 
20 min. Transfer the supernatant to a new 15-mL tube. Store at 4 C C for later screening 
trials, if required. 

7. To screen for plasmid integration, mix 10 pL of lysate (see Note 17) with 100 pL of 
LG75 plating cells (see Note 18) and plate in 4-mL LBM-top agar containing 40 pL 
each of X-Gal and 1PTG (20 mg/mL stock concentration) (see Note 19). 

8 . Pick isolated blue phage plaques (see Notes 20-22). 

9. Blue plaques may be screened directly for condensation and plasmid excision by 
plating on P2392 (see Note 23). Generally. 10 pL of cluatc will be sufficient to pro¬ 
vide isolated plaques on P2392. 

10 . Pick isolated phage clones (see Note 20). and generate a high-titer stock. 

3.4. Bacteriophage DNA Isolation 

Two separate protocols are outlined for the preparation of bacteriophage-). 
DNA. based on the requirements of downstream applications. DNA prepared on 
small scale (see Subheading 3.4.1.) typically yields approx 50 pg of DNA and is 
of sufficient quality and quantity for multiple restriction digests and sequencing 
reactions. Phage DNA prepared on large scale (see Subheading 3.4.2.) is of sig¬ 
nificantly higher purity and quantity (up to 1 mg), and is typically used for prepa¬ 
ration of the final TV for direct applications in murine ES cell electroporations. 

3.4.1. Small-Scale DNA Preparation 

1 . Prepare a 10 mL of high titer stock of bacteriophage (see Subheading 3.2.4.). 

2 . Add 15 pL each of RN'ase and DNase (10 mg/mL stocks) and incubate at 37”C 
for 30 min. 
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3. Add 2.5 mL of 40% PEG; 2.5 M NaCl. Prccipilaic al 4 D C foi al least 2 h. Phage pre¬ 
cipitation may be performed overnight. 

4. Pellet the phage at 3000$ for 10 min. Remove the supernatant, invert the tube, and 
drain well. Wipe the lip of the tube to eliminate any remaining media, and gently 
resuspend the phage pellet in 500 pL of SM. 

5. Extract the suspension once with an equal volume of chloroform to remove excess PEG. 

6. Add 5 pL of 10% SDS and 5 pL of 0.5 M EDTA. Incubate at 68 : C for 15 min. 

7. Extract with an equal volume of pheno 1/chloroform. Repeat until no protein is visible 
al the interphase (two to three times). 

8. Add 50 pL of 3 Jf NaOAc and I mL of 100% ethanol. Inversion of the sample here 
should provide a visible DNA precipitate. 

9. Pellet the DNA at 12.000# for 5 min. Wash with 70% ethanol, and respin at 12.000# 
for 2 min. 

10. Remove all the ethanol, and air-dry. Resuspend in 50 pL 10 mAf TYis-HCl. pH 8.0 
containing 2.5 pg RNaseA. 

3.4.2. Large-Scale DNA Preparation 

1. Preadsorb phage (8 x 10 7 -1.6 x 10'PFU) to bacteria (1.6 x 10 10 cells, or approx 
8 mL of LE392 plating cells, see Subheading 3.2.1.) in a 50-mL tube at room tem¬ 
perature for 15 min. This infection is optimized to a multiplicity of infection of 
1 : 100 - 1:200 (phageiccll ratio). 

2. Add the phagc:cdl mixture to 400 mL of prewarmed LBM medium and incubate 
shaking at 37'C. 260 rpm for 6-9 h. or until obvious lysis occurs. 

3. Add 15 mL of chloroform and 23.4 g of NaCl (final concentration of -1 \t). Continue 
shaking incubation for 10-30 min. 

4. Pellet the bacterial debris at 8000# for 5-10 min. Transfer the supernatant to a new 
vessel. 

5. Add 40 g of PEG8000 and mix to dissolve. Precipitate the phage particles at 4°C for 
at least 2 h. 

6. Collect the phage particles by centrifugation at 5000# for 10 min. 

7. Resuspend the phage pellet in 3-1 mL of SM buffer. Wash the vessel with an addi¬ 
tional 2 mL of SM buffer and pool in a 15-mL tube. 

8. Add an equal volume of chloroform and invert gently to mix. Separate the phases by 
centrifugation at 3000# for 10-15 min. A thick white band of PEG8000 should form 
at the interphase. 

9. Remove the (upper) aqueous phase and 0.75 g of CsCl to each milliliter of phage 
suspension. 

10. Transfer the CsCl mixture to two 5-mL ultracentrifuge tubes, and top up with a 
0.75 g/mL of CsCl solution. Ensure the tubes arc closely balanced. Spin the tubes at 
55.000# for 4 h (VTI 65.2 rotor). The phage will appear as a pearl-blue band. 

11. Gently remove the phage from the tubes in the smallest volume possible (<1 mL 
total) through side-puncture with an 18 -gauge needle. 

12. Dialyze the phage thrice against a 1000-fold volume of TM buffer to remove CsCl. 

13. Transfer the dialyzed phage to 1.5-mL microfuge tube, and add 10% of SDS to a final 
concentration of 0.2% and 0.5 Af EDTA to a final concentration of 5 mAf. Incubate at 
68°C for 15 min. 
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14. Extract with an equal volume of phcnol/chloiofoiro. Repeat until no protein is visi¬ 
ble at the interphase (two to three times). 

15. Add 5 M of NaCl to a final concentration of 0.2-0.25 M and a twofold volume of 
100 % ethanol. Inversion of the sample here should provide a visible DNA precipitate. 

16. Pellet the DNA at 12.000$ for 5 min. Wash with 70% ethanol, and respin at 12.000$ 
for 2 min. 

17. Remove all the ethanol, and air-dry. Do not over dry the pellet. Resuspend gently in 
200 pL of 10 mV/Tris-HCl. pH 8.0. Increase the volume to obtain a standard concen¬ 
tration of 1 pg/pL. 

3.5. Bacteriophage DNA Analysis 

In this section, we suggest a variety of analytical methods, which will be use¬ 
ful for the characterization of genomic library clones or confirmation of mutation 
deposition during transplacement mutagenesis. RRS isolation of phage from a 
genomic library” will typically provide a series of overlapping clones. To deter¬ 
mine the end-points of a particular genomic clone, sequencing of phage DNA 
with universal primers (see Fig. IB) is standard. Characterization of the TM 
clones may be achieved using phage particle PCR or standard restriction diges¬ 
tion of phage DNA. Finally, we have included our protocol for phage TV prepa¬ 
ration for gene targeting experiments. 

3.5.1. PCR From Phage Particles 

1 . Set up a phage PCR screen as follows: master mix (per reaction): 1 pL of dNTPs 
(10 pAf each). 1 pL of carii primer (custom design for mutation detection; 10 pmol/pL). 
2.5 pL of PCR buffer (10X). 0.75 pL of MgCl, (50 mM). 0.25 pL of Taq polymerase 
(Invitrogcn), and 17.5 pL of sterile water. 

2 . Add 24-1 pL of phage cluatc in SM (final volume 25 pL). 

3. Standard PCR screening conditions arc: 95°C for 5 min (95°C for 30 s. 56"C for 30 s. 
and 72°C for 90-120 s) x 30 total cycles. ?2 D C for 5 min. 4°C bold. Adjust according 
to the specific requirements of the screen. 

3.5.2. XTK Phage DNA Sequencing 

1 . TVpically, 1 pg of phage DNA (500 ng-2 pg) is sufficient for strong sequencing reads 
(sec Note 24). 

2 . Use the TKL (left arm) and TKR (right arm) primers at standard concentrations for 
sequencing (3.2 pmol/pL). 

3. The specifics of the cycle sequencing reaction will depend on the method used. 

3.5.3. Restriction Analysis of Bacteriophage DNA 

1 . Digest 250-500 ng samples of phage DNA using standard restriction endonuclease 
conditions (see Note 25). 

2 . Before loading the samples, heat to 72 : C for 5 min and quick cool on ice to denature 
the k-cot sites. 

3. Separate by gel electrophoresis. 
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4. To simplify mapping and clone confirmation, compare the restriction patterns with a 
predicted map clone generated in silico, using the phage vector landmarks as refer¬ 
ence points (see Fig. IB). 

3.5.4. Preparation oi Final 7Vs (or ES Cell Electroporation 

1. Prepare phage DNA on a large scale (see Subheading 3.4.2.). 

2. For each ES cell electroporation, digest 150 pg of TV DNA with either Noll or Soil 
(threefold excess enzyme is recommended) to remove the phage arms (see Fig. IB). 
Ensure that the total volume of the reaction is more than 150 pL. Mix well, as pure 
phage DNA is concatamcrizcd and quite viscous. 

3. Allow the digestion to proceed for at least 3 h at 37°C. The reaction may be per¬ 
formed overnight. The solution should loose viscosity as the phage DNA is cleaved. 
Extract with an equal volume of phcnolichlorofoim, and precipitate the digested 
DNA with l/10th vol of 3 M NaOAc and a twofold volume of 100'S ethanol. Wash 
the pellet well with 70‘S ethanol. Do not over-dry the DNA pellet. 

4. Resuspend the digested DNA in water, phosphate-buffered saline, or an electropora¬ 
tion buffer compatible with your ES cell electroporation conditions. 

4. Notes 

1. An clcctrocompctent cell stock is prepared from 500 mL of log-phase bacterial culture 
(OD w , = 0.5-0.8). Chill the culture on ice. pellet the cells, and wash in 500 mL of 
ice-cold sterile water. Repeat wash. Wash the cells once in 250 mL of ice-cold 10% 
glycerol. Pellet and resuspend in 2 mL of ice-cold 10% glycerol. Store at -80°C in 
small (40 pL) aliquots. Although we have exclusively used electroporation for plasmid 
transformation, it is possible that MC1061(p3) cells may also be made chemically 
competent and used as such. 

2. The amber mutation in the amp* gene of the p3 cpisomc is subject to relatively high 
rates of reversion. Before the generation of clcctrocompctent MC1061(p3) stocks, it 
is suggested that isolated colonics selected on kanamycin arc screened for antibiotic 
sensitivity on ampicillin. Additional screening for tetracycline sensitivity is not nor¬ 
mally required. 

3. The XTK library was constructed using standard methods from mouse genomic DNA 
isolated from the R1 ES cell line (11). The XTK bacteriophage cloning vector is a 
derivative of ASyrinx2A (7). 

4. The ORE system is applicable to the modification DNA cloned into the most common 
bacteriophage-/, vectors (c.g. ADASH. AFDC. and AGEM). with following genetic 
properties required for compatibility: rap': gam~: supF": and laeZ. Notable exceptions 
arc AgtlO. which is gam' and Agtll. which is rap : gam'. In the case of bacteriophage 
cloning vectors, which do not harbor amber mutations in essential genes, positive selec¬ 
tion for itANy plasmid integration is carried out on the host DK21 (see Note 17). 

5. The use of intron-spanning eDNA fragments for RRS clone isolation is not recom¬ 
mended. as it has the propensity to result in an intronic deletion in the condensed 
genomic clones. 

6. Although the frequency of recombination is not affected by the size of insertions or 
deletions, the size of these types of mutations is restricted by the packaging limits of 
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bactcriophagc-X (minimum - 78% or 37.830 bp. maximum - 105% or 50,925 bp. 
representing a variation of 13,095 bp). Thus, for XTK. we can expect that inserts 
ranging from 4850-17.945 bp in length may be packaged efficiently. Given an aver¬ 
age genomic clone size of 12.3 kb. cassettes up to approx 5.6 kb in length may be 
easily inserted into these vectors, as well as being able to suffer deletions of up to 
approx 7.5 kb. 

7. Dcphosphorylation of the vector with phosphatase is recommended if the cloning 
scheme is symmetrical. 

8. When using tetracycline for selection, ensure that LB and not LBM medium is used. 
Tetracycline is inactivated by Mg 2 * ions. 

9. Plating 20% and 80% of the cell suspension on two separate plates typically provides 
sufficient isolated colonies for screening. 

10. When screening MC1061(p3:icANj) clones from LB-AKT plates, we have generally 
found that abnormally large or small colonics do not harbor either parental or recom¬ 
binant xANy plasmid. Such clones arc assumed to represent amber reversion events 
(see Note 2). 

11. During the PCR and gel electrophoresis the selection plate may be kept at 37"C to re¬ 
establish colonics, which were ovcrpickcd. 

12. Sequencing of the insert region is recommended if the probe was generated by 
genomic PCR. 

13. High-titer bacteriophage stocks arc stable at 4°C for 1-2 mo without a significant drop 
in titer. Permanent frozen stocks at -80*0 may be prepared by the addition of 7% 
DMSO to an aliquot of high titer stock or plaque cluatc. Note that frccze/thaw of such 
a stock may reduce the titer by as much as one order of magnitude. For revival, use a 
sterile toothpick to scrape a small piece of ice into a microfUgc containing SM. titer, 
and rcamplify if necessary. Return the remainder of the stock immediately to -80°C. 

14. The average titer of a phage culture is dependant on the individual bacteriophage 
done and the host used for amplification. As a rule of thumb, average-sized plaques 
picked into SM typically yield 10 s —10 7 PFU/mL; however, small plaques may pro¬ 
duce stocks of only 10 , -10* PFU/mL. High titer bacteriophage stocks often yield 
greater than 10 9 PFU/mL. occasionally as much as 10 12 PFU/mL. 

15. A rapid method to estimate the order of magnitude for a given phage stock is the spot 
titration. Pour 4 mL of molten LBM top agar containing 100 pL of plating cells onto 
an LBM plate. Once the top agar has solidified, spot 10 pL of each dilution directly 
onto the surface. A standard 100-mm plate can hold 6-10 spots. Allow the liquid to 
adsorb into the solid media, invert, and incubate the plate at 37 = C. This method con¬ 
sumes less time and materials than full plate titers; however, it is also less accurate. 
Note that plating 10 pL acts as an additional 10' 2 dilution- 

16. It is recommended that the length of bacteriophage lytic culture in MCI061 
(p3;sANy) is kept to a minimum. For highly represented phage clones we have man¬ 
aged successful RRS after only 3 h culture time, although 4-6 h is usually optimal. 
During TM protocols, a culture time of 2 h is usually sufficient to obtain positive 
clones on LG75. Although we have not personally observed genomic clone 
rearrangements during phage passage through any ORE hosts, such events arc theo¬ 
retically possible during prolonged exposure to RccA. 
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17. This value (10 pL) is a standard volume, which acts as a reference for making plating 
adjustments. The frequency of blue plaque appearance is directly related to the quality 
and length of the probe, as well as the representation of target phage in the library. 
Thus, lysate volume adjustments or replica plates may be necessary to obtain the 
desired clone density. For TM. recombination frequencies arc usually 10' ? . whereas 
RRS is more variable, with frequencies ranging from 10' 5 to 10"*. If desired, approx¬ 
imate recombination frequencies may be determined at this stage by division of the 
LG75 phage titer by the titer of the total phage population on LE392. 

18. Optional use of DK2i. the DK21 host is required for screening of probe plasmid 
recombination with nonamber phage sectors {see Note 4). Because of the absolute 
requirement of supF for phage growth, the use of DK21 may also be applied to 
reduce the background of nonamber supP 1 phage seen in the ATK library (see Note 20). 
This characteristic may also be used to enhance screening for low-level recombina¬ 
tion events (12). Note that bactcriophagc-A plaques on the host DK21 often appear 
small and weakly stained for p-galactosidase activity. The use of A-tryptonc medium 
(13) can somewhat alleviate this phenotype by slowing the growth of the bacterial 
host; however, we have found that it is not always beneficial or necessary for routine 
applications. 

19. Stock solutions of 1PTG and X-Gal may be ptemixed in the appropriate ratios and 
stored in a light-tight container at -20°C for at least 2-3 mo with no apparent loss in 
activity. 

20. The number of phage clones to be picked from LG75 or P2392 selection stages dif¬ 
fers significantly for RRS and TM applications. As TM begins with a pure phage pop¬ 
ulation, the blue plaques seen on LG75 arc homogenous. A single isolate is sufficient 
at this stage. On the other hand, blue plaques derived from RRS may represent a vari¬ 
ety of overlapping phage clones. Choose at least S-10 plaques to maximize the range 
of genomic coverage. For P2392 selection, condensed RRS clones from a single blue 
plaque arc homogenous, requiring the selection of only one clone for each P2392 
screen. However. TM deposits mutations at a frequency of approx 50% (assuming the 
homology flanking the mutation is balanced). Pick multiple plaques at this step to 
screen for mutation transplaccment. For coincident clone isolation and mutagenesis 
using RRS/TM probes, multiple plaques must be picked and screened at each selec¬ 
tion stage. 

21. Because of the use of a nonirradiated packaging extract during the production of 
the R1ATK library, a background of supF ”, nonamber phage appear as white 
plaques on a LG75 lawn (11). This issue is ATK library-specific, and may not be 
seen with libraries constructed using more recent packaging extract preparations. 
The level of this background may be controlled somewhat by the use of DK21 
plating cells (see Note 17). We recommend that isolated blue plaques from ATK 
RRS screens arc confirmed to be background-free by secondary plating on LG75 
(see Note 21). 

22. It is imperative to choose bactcriophagc-A plaques, which arc well isolated to reduce 
done cross-contamination. It is also good practice, especially if one is not convinced 
of purity, to perform a dilution and secondary isolation of key phage clones. 

23. In the original published ORE applications (6.8.9.11,12). it was standard procedure 
to "relax" phage clones through passage through the nonrcstrictivc bacterial host 
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LE392. We have since found this step to be completely dispensable (and potentially 
deleterious for RRS protocols). LE392 relaxation has been observed to allow the 
unchecked passage of low-homology recombinant phage during RRS. stemming 
from poor RRS probe design. As a tulc of thumb, if the direct plating of blue plaques 
on P2392 docs not readily provide viable phage (as occasionally seen with low- 
frequency isolates on LG75), these phage arc most likely not true homologous 
recombinants. Relaxation through LE392 allows these rogue phage to excise the plas¬ 
mid and grots - to high titer, providing falsc-positivcs on P2392. 

24. Owing to a need for high-throughput sequencing of clone ends from RRS isolates, we 
have made efforts to eliminate the requirement for small-scale phage DNA prepara¬ 
tion (see Subheading 3.4.1.), Briefly, circularized phage DNA is prepared as follows: 
preadsotb 10 pL of LE392 plating cells with phage at 1:1 or 3:1 (phagcxcll ratio). 
Add 1 mL of LBM medium and incubate without shaking at 37"C for 35 min. Collect 
the cells by centrifugation and perform standard alkaline lysis (100 pL of Qiagen 
plasmid mini-prep buffers PI. P2. and P3 may be used here). Extract the supernatant 
once with phenol:chloroform and precipitate DNA by the addition of 2 vol of ethanol. 
Pellet the DNA precipitate, and resuspend in 1-2 pL of 10 m U Tris-HCl (pH 8.0). 
This phage DNA preparation (0.5 pL) may be used as a template for amplification 
using commercially available Q29 DNA polymerase (TcmpliPtii Amplification Kit. 
GE Healthcare. NJ). Note that DNA prepared using standard methods is concatamcr- 
ized and is therefore an inefficient template for <>29 polymerase. 

25. For rare cutting enzymes (one to two cuts). 125-250 ng is sufficient for visualization. 
For intermediate cutters (three to six cuts) use 500 ng. and for more frequent cuts, use 
750 ng-1 pg. The panel of restriction endonucleases used for mapping is clone spe¬ 
cific; however, for genomic clones we typically suggest EcoRl. //mdlll. RimHI. and 
combinations thereof. If the phage DNA will be used as a gene TV. confirmation of 
predicted Soil and iVorl sites at this stage is recommended. 
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Transposon-Mediated Mutagenesis in Somatic Cells 

Identification of Transposon-Genomic DNA Iunctions 

David A. Largaespada and Lara S. Collier 


Summary 

Unle!'taoding the genetic b ash tin tumor formalion in crucial fee treating cancer. Forward 
genetic screens using insectional mutageoesis technologies have identified many important tumor 
supprrasor genes and oncogenes in mouse models of human cancer. Traditionally, retroviruses have 
been used for this purpose, allowing the identification of genes that can cause various forms of 
leukemia or lymphoma with murine leukemia viruses or mammary cancer with mouse mammary 
tumor viruses. Recently, the Steeping Beauty transposon system has emerged as a tool for cancer 
gene discovery in mouse models of human cancer. Transposons mobilized in the mouse soma can 
insertionally mutate cancer genes, and the transposon itseH serves as a molecular ‘Tag.” which fisilitates 
candidate cancer gene identilication. We provide an overview of some general issues related to use 
ol Sleeping Beauty for cancer genetic studies and present here the polymerase chain reaction-based 
method for cloning transposoo-tagged sequences from tumors. 

Key Words: Cancer genetics; linker-mediated PCR; mouse transgenesis; Sleeping Beauty ■; 
somatic mutagenesis; transposon. 

1. Introduction 

The Sleeping Beauty (SB) transposon system is a useful tool for gene delivery 
or insertions! mutagenesis in model genetic organisms (reviewed in rets. 1—3). The 
SB system consists of two parts—the transposon vector DNA and the enzyme that 
mobilizes this DNA. the transposase. Both the transposon and transposasc must be 
in the same cell for transposition to occur. The original SB transposase enzyme is 
designated SB 10. and was created by reconstruction of an active enzyme gene 
from defunct, mutated copies of Tcl/mariner family transposase genes cloned 
from various species of Salmonid fish (4). The minimal transposon vector DNA 
consists of a left and a right outer inverted repcat/dircct repeat element (IRDR) that 
are the binding sites for the transposase enzyme. Transposons containing the 
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original IRDRs built from sequences from Salmonid fish arc designated “pT" 
vectors (4). Changes have been introduced into the IRDRs to increase transposition 
rates, and transposons based on this second generation of IRDRs are designated 
“pT2" vectors (5). A variety of insertional mutagenesis applications have been 
reported for SB including germline mutagenesis in the mouse and zebrafish 
(6-/5). and most recently, somatic mutagenesis for cancer gene discovery in the 
mouse (16,17). 

SB-based somatic mutagenesis for cancer gene discovery is accomplished by 
breeding transposon transgenic mice to transposasc transgenic mice to generate 
transposon/transposase in doubly transgenic mice. Transposons arc mobilizing in 
every somatic cell in which transposasc is expressed, mutagenizing cancer genes 
and promoting tumor formation in these doubly transgenic mice. Once SB- 
induced tumors have been obtained, high-throughput methods for cloning transpo¬ 
son insertions arc necessary to begin identifying candidate cancer genes. This 
chapter will detail the molecular biology protocols necessary for cloning transpo- 
son-DNA genomic junctions for SB transposons based on the “pT" or “pT2" ver¬ 
sions of the IRDRs. Although beyond the scope of this chapter, methods must also 
be in place for automated “trimming" and genome mapping of these junctions. In 
addition, statistical analysis of insertions must be performed to identify com¬ 
mon sites of insertion (CIS), which arc regions of the genome that harbor multi¬ 
ple independent transposon insertions from multiple independent tumors. 
Although in a somatic cell, transposons are theoretically mobilizing to new loca¬ 
tions throughout the genome, only those that land in or near a tumor suppressor 
gene or oncogene should promote tumorigenesis. Nevertheless, in any given 
tumor cell there will also be “passenger" insertions that have occurred stochas¬ 
tically and are not relevant to tumorigenesis. Statistical analysis must be per¬ 
formed to identify regions of the genome that are mutated by transposon 
integrations in multiple independent tumors more frequently than expected by 
random chance. These CISs indicate that a cancer gene is likely to be nearby 
because of the repetitive selection for transposon integrations in the chromosomal 
region in multiple different tumors. Statistical analysis of insertions and CIS 
identification is beyond the scope of this chapter, but we refer readers to several 
papers that address the topic (16-19). We describe here a protocol for cloning 
transposon-genomic DNA junctions that is based on our modifications of methods 
described by Karl Clark. Adam Dupuy. and the laboratory of Shawn M. Burgess 
(11,16,20). A brief description of the methods used to create cancer models using 
SB precedes this protocol. 

1.1. Creating Cancer Models Using SB 

1.1.1. Transposon Design 

Mobilization of highly mutagenic transposons from chromosomally resident 
concatomers in the mouse soma has been used to initiate or accelerate tumor 
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Fig. 1. T2/onc. T2/onc has SA/polyadcnylation (pA) sequences in both orientations to 
generate loss-of-function mutations in genes in which it lands. Between the two SA arc 
sequences from the long terminal repeat of the MSCV LTR. which contains 
promotcr/cnhanccr elements to promote overexpression of genes near which it lands. Also 
present is a splice donor (SD) so that transcripts initiated in the MSCV LTR can splice 
into downstream endogenous exons. 

formation (16.17). The transposon used for these experiments. T2/ooc (Fig. 1). 
was introduced into mice by standard pronuclear injection techniques, resulting in 
a multicopy array, or concatomer. integrated into one place in the genome of the 
transgenic mice produced. T2/onc is designed with splice acceptors (SAj/poly- 
adenylation sequences in both orientations. On mobilization by transposase. if 
T2/onc lands in a tumor suppressor gene these elements should disrupt splicing, 
and therefore generate a loss-of-function mutation. T2/onc also contains sequences 
from the murine stem cell virus (MSCV) LTR. which contains promotcr/cnhanccr 
elements followed by a splice donor that facilitates splicing of transcripts initiated 
in the MSCV into downstream endogenous exons. Therefore, if T2/onc lands 
within or near a proto-oncogene it can promote its overexpression. Transgenic 
lines harboring approx 25 copies of T2/onc in their chromosomal concatomers 
have been generated and arc referenced to as "low copy lines*’ (16). Dupuy ct al. 
(17) modified T2/onc to contain a longer version of one SA and the resulting vector 
is named T2/onc2 to designate this difference. The transgenic lines that were 
generated using T2/onc2 have over 100 copies of transposons in their chromosomal 
concatomers and are therefore referred to as “high copy lines" (17). 

1 . 1 . 2 . Transposase Design 

Two different sources of SB transposase have been used in published work on 
SB-induced tumors. A CAGGS-SB10 transgcnc (10) was used to accelerate 
sarcomagenesis in pl9Arj -/~mice (16). This transgcnc is expressed from a multicopy 
concatomer created by standard transgenesis. Although the CAGGS promoter has 
been described as being active in all cells (21). we have recently found that the 
CAGGS-SB10 line expresses transposase primarily in mesenchymal cells. Further¬ 
more. the expression is highly variegated and absent from most epithelial cell types 
(unpublished data). This may explain why CAGGS-SB10 was able to accelerate 
sarcoma development in T2/ooc. pl9Arf-/-ooce (16). In a second paper, a transgcnc 
for the SB 11 version of the transposase was introduced into the Rosa26 locus (22) 
using homologous recombination in mouse embryonic cells (17). When mice 
carrying this Rosa26 -SB 11 allele were bred to high copy T2/onc2 transgenic 
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mice. non-Mcndclian inheritance was observed as most doubly transgenic mice 
died in utero. Those that survived to birth developed tumors, primarily lymphocytic 
leukemia, that was caused by T2/onc inscrtional mutagenesis (17). 

In the future, modifications to the system will likely improve the utility of SB 
for cancer genetics studies in a wide variety of tissue types. Although beyond the 
scope of this chapter, we refer readers to several reviews that discuss how the 
system may be modified for future studies (M3.24). 

1.1.3. Considerations (or Cloning and Sequence Analysis 
o( Tumor-Associated Transposon Insertion Sites 

Once the SB system has been used to create a cancer model the next step is to 
clone, sequence, and analyze a large number of transposon insertion sites. As in 
studies using slow transforming retroviruses, the goal is to identify CIS. The 
greater the number of transposon-induced or transposon-accclerated tumors avail¬ 
able. the greater the power to identify CISs that are infrequently mutated by trans¬ 
poson insertion. In addition, the closer one can approach “saturation 0 cloning of 
all the transposon insertion sites within a tumor, the better the chances are that no 
CIS will be missed. These considerations apply to both retroviral mutagenesis 
using murine leukemia virus <MLV). or mammary cancer with mouse mammary 
tumor virus (MMTV) and to transposon mutagenesis for cancer gene discovery. 
In order to process a large number of tumor genomic DNAs and to approach sat¬ 
uration for insertion site recovery, wc use polymerase chain reaction (PCR)-based 
methods for amplifying insertion sites. Several review’s discuss high-throughput 
proviral insertion site cloning and analysis using MLV (1,25—27). 

Two general methods for PCR amplification have been used for cloning 
transposable clement-genomic DNA junction fragments, namely inverse PCR 
and linker-mediated PCR (reviewed in ref. 28). For inverse PCR. a trans- 
poson/ccllular genomic DNA junction fragment is first generated by restriction 
enzyme digestion, then is circularized by ligation of the restricted tumor DNA. 
and two rounds of PCR using outward facing primers from the transposon 
sequence are used to amplify the junction between the transposon and adjacent 
cellular DNA. The resulting PCR fragment is then cloned into a plasmid vector 
for sequencing. The circularization step may be inefficient and may bias against 
recovery of some insertions. Linker-mediated PCR is the most common technique 
currently used to clone viral or transposon integration sites from tumors. In this 
method, shown in Fig. 2. specially designed linkers are ligated onto restricted 
tumor genomic DNA. then subjected to two rounds of PCR using transposable 
element-specific and linker-specific primers before cloning into a plasmid vector 
for sequencing. 

For either inverse PCR or linker-mediated PCR approaches, more complete 
saturation of insertion site cloning can be achieved by performing reactions that 
allow the cloning from both the left ERDR (S' end) as wrll as the nght IRDR (3' end) 
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Fig. 2. Outline of linker-mediated PCR for cloning proviral- or transposon-gcnomic 
DNA junctions. Linker-mediated PCR involves the generation of transposon (or proviral)- 
gcnomic DNA fragments by restriction digest of tumor genomic DNA. Linkers with over¬ 
hangs complementary to the restriction fragments used arc then ligated onto the genomic 
DNA. Two rounds of PCR with linker and IRDR (or proviral) specific primers arc used to 
amplify the transposon-gcnomic DNA junction. 

of the transposable element. The protocol described here includes instructions for 
cloning from both ends of the transposon. Using multiple frequent-cutting restriction 
enzymes to digest the genomic DNA can also increase the number of transpo¬ 
son-gcnomic DNA junctions by assuring that a restriction enzyme site in adjacent 
cellular DNA creates a small enough junction fragment to be PCR amplified. 
Enzymes that frequently cut mammalian genomic DNA (e.g.. enzymes that rec¬ 
ognize 4 bp sites that lack CpG dinuclcotides) are often used for this purpose. In 
addition, the restriction enzymes that arc chosen for this approach must meet certain 
criteria including cutting close to the end of the transposon. cutting genomic DNA 
often enough to generate PCR-amplifiablc junction fragments, and producing a 
sticky overhang that can be ligated to the designed double-stranded oligonucleotide 
linker efficiently. B/al (for cloning from the left IRDR) and NlalU (for cloning 
from the right IRDR) are two enzymes that we frequently use for this protocol. 

Although the basic steps described above arc common to methods for cloning 
MLV. MMTV. and transposon insertions, there arc features unique to cloning SB 
transposon insertions as compared with MLV or MMTV. Most importantly. SB 
transposon insertions that cause cancer are derived by the mobilization of transposon 
vectors from a chromosomally resident multicopy concatomer. Therefore, in an 
SB-induced tumor there are tumor-specific, clonal transposon-insertion sites 
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(anywhere from 5 to 30+ have been observed) and the remaining copies of the 
transposon vector that reside in the donor coocatocner. A method to avoid repeatedly 
cloning the junction fragment between adjacent copies of the SB transposon vectors 
in the concatomers is needed in this situation. To achieve this, we have used 
‘’blocking’* primers (with blocked 3' ends that prevent polymerase extension) that 
arc complementary to sequences from plasmid DNA that flanks each copy of the 
SB transposon in the concatomcr. However, this method often has limited success. 
Alternately, after ligation of the linkers to the restricted DNA one can redigest with 
another restriction enzyme that cuts at least once in the plasmid DNA that flanks 
each copy of the SB transposon in the concatomers. but does not cut in the SB 
transposon sequence itself. Thus, the SB transposon junction fragments generated 
from within the concatomers cannot be amplified as the binding sites for the 
primers are now separated on two different DNA molecules. Using enzymes that 
cut more rarely in genomic DNA (c.g.. restriction enzymes that have a 6-bp 
recognition sequence) reduce the possibility that the enzyme will also cut the 
genomic DNA between the end of the IRDR and the enzyme used for the first 
digest of genomic DNA. We currently use BamW (for cloning from the left 
IRDR) and Xhol (for cloning from the right IRDR) for this purpose. Although 
complex, the basic method described in Subheadings 3.2. to 3.4. can be used to 
clone insertion sites from any application using a SB vector that uses “pT“ or 
“pT2*’-based IRDR. However, we recommend that the reader verify that the 
IRDR primer sequences provided are present in the transposon vector used. In 
addition, the restriction enzyme used for the second digestion (to prevent ampli¬ 
fication of transposon junction fragments from within the donor concatomers) 
will depend on the sequence of the plasmid backbone sequences that were left 
linked to the SB transposon vector when the transgenic line was made. The pro¬ 
tocol described below will work for tumors generated using the T2/onc (16) and 
T2/onc2 (17) transgenic lines. Whatever the method used to PCR amplify the 
junction fragments, by “shot-gun*’ cloning these PCR products and sequencing 96 
or more clones per tumor, it is likely that even rare insertion sites will be identi¬ 
fied. again contributing to saturation cloning. 


2. Materials 

2.1. DNA Preparation 

1. 1 Af Tris-HCl (pH 8.0). 

2. 0.5 M Ethyicncdiaminc tetra acetic acid (EDTA) (pH 8.0). 

3. 10# Sodium dodccyl sulfate in distilled water (caution—dust is an irritant). 

4. 5 Af NaCl. 

5. TE buffer: 4 mL of 1 M Tris-HCl (pH 8.0). 0.08 mL of 0.5 Af EDTA (pH 8.0) to 400 
total in distilled water. 

6. Proteinase K: dissolved in TE at 10 mg/mL. incubated at 37°C for 1 h before storing 
in aliquots at -20°C. 
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Oligo name 

Oligo sequence 

Modifications 

Notes 

Bfa linker* 

GTAATACGACTCACTATAG 

None 

_ 


GGCTCCGCTTAAGGGAC 



Bfa linker- 

TAGTCCCTTAAGCGGAG 

5' Phosphate. 

See Note 12 



3' amino group 


Nlalll linker* 

GTAATACGACTCACTATA 

None 

- 


GGGCTC C GCTTA.AGGG 




ACCATG 



Nlalll linkct- 

GTCCCTTAAGCGGAGCC 

5' Phosphate. 

See Note 12 



3' amino group 


1R/DR(R)KJC1 

CCACTGGGAATGTGATGA 

None 

- 


AAGAAATAAAAGC 



Long IR/DR <R) 

GCTTGTGGAAGGCTACT 

None 

- 


CGAAATGTTTGACCC 



Long IR/DR (L2) 

CTGGAATmCCAAGCTG 

None 

- 


TTTAAAGGCACAGTC.AAC 



New LI 

GACTTGTGTCATGCACAA 

None 

- 


AGTAGATGTCC 



Linker primer 

GTAATACGACTCACTATAG 

None 

- 


GGC 



Linker nested 

AGGGCTCCGCTTAAGGGAC 

None 

- 

primer 





7. STE buffet: 1.6 mL of 0.5 M EDTA. 8 mL of 1 M Tris-HCT (pH 8.0). 16 mL of 5 Af 
NaCl lo 800 mL Ihcn autoclaved. 

8. Tissue lysis buffet (fot one tumot): 4.6 mL of STE. 100 pL of 0.5 M EDTA. 100 pL 
of piotcinasc K. and 200 pL of 10% sodium dodccyl sulfate made fresh befote using. 

9. RNasc A: dissolved in TE at 2 mg/mL. incubated at 37°C fot 1 h befote storing in 
aliquots at -20 D C. 

10. pH 7.9-buffet saturated phenol (caution—hazardous). 

11. Chlotofotm (caution—hazatdous). 

12. 95% Ethanol. 

13. Glass tods fot spooling DNA (we use Kimble melting point capillaty tube pari no. 
34505-99). 

2.2. DNA Digestion and Linker Annealing 

1. Restriction enzymes: NlalU. Xhol. B/al. and fiomHl (New England Biolabs 
Ipswich. MA) (see Note 1). The appropriate 10X buffet and 100X bovine sciura 
albumin, if tequited. for each enzyme is provided with the enzyme. 

2. PCR reaction purification kit (QIAquick PCR Purification Kit by Qiagen. Matyland). 

3. Linker oligonucleotides (see Table 1 fot sequences). Dissolve primers in Millipotc 
purified ot PCR grade water at 100 pW and store at -20°C. 

4. T4 DNA ligasc supplied with 5X ligasc buffer (Invitrogcn. Carlsbad. CA) stored at -20'C. 
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2.3. PCR Reactions 

1. Platinum Toq supplied with 10X PCR buffer and 50 m M MgCl 2 (luvitrogcn). 

2. dNTPs: 2.5 m U each for a total concentration of 10 mAf in PCR grade water. Aliquot 
and store at -20°C. 

3. PCR primers (see Table 1) dissolved in Milliporc purified or PCR grade water at 25 |iM. 

4. Agarose. 

5. Ethidium bromide. 

6. SOX TAE: 242.2 g of Ths Base, 100 mL of 0.5 M EDTA (pH 8.0). 57.1 mL of glacial 
acetic acid (caution—hazardous, use in fume hood) brought up to 1 L with Milliporc 
water. 

7. 100-bp DNA ladder. 

2.4. Cloning of PCR Products 

1. TA-based cloning vector kit (see Note 2). 

. Bacteria for transformation (store at -70 to -80"Q (see Note 3). 

. Luria Bertani (LB): 10 g of tryptonc. 5 g of yeast extract and 5 g of sodium chloride 
brought up to a liter in distilled water and autoclaved. 

4. LB plates containing the appropriated antibiotic for selection for the TA cloning vector. 

3. Methods 

3.1. Preparation of Genomic DNA (See Notes 4 and 5) 

1. Tumors isolated from mice arc snap frozen in liquid nitrogen and stored at -70 to 
-80"C until ready to be processed. 

2. Approximately 100-200 mg of tumor tissue is dissociated by douncing in 5 mL of 
tissue lysis buffer. Samples arc incubated overnight in 15-mL conical polypropylene 
tubes (see Note 6) at 55°C with shaking to allow complete proteinase K digestion of 
samples. If smaller tumor samples arc available, decrease digestion volume. 

3. Allow tubes to cool slightly before addition of 50 pL of RNasc A. Incubate at 37°C 
for 1 h to remove contaminating RNA. After this stage, samples may be stored at -20°C 
for several days. 

4. Add an equal amount of buffered phenol (caution—hazardous, use in fume hood) to 
samples. Samples should be vortexed before centrifugation in a clinical centrifuge for 
5 min. 

5. The aqueous layer (top layer) is removed into a new polypropylene conical tube. 
Take care not to remove the fluffy precipitate that often forms at the junction of the 
aqueous and organic layers. An equal volume of 1:1 phenol :chloroform (caution— 
hazardous, use in fume hood) is then added, the sample is vortexed and centrifuged 
as earlier. 

6. The aqueous layer should be essentially clear at this stage. If it is not. repeat step 5. 
If clear, remove aqueous layer to new tube taking care not to disturb the organic/aque¬ 
ous interface. Add an equal volume of chloroform (caution—hazardous, use in fume 
hood), vortex and centrifuge. 
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7. Remove aqueous phase to a new tube and precipitate DNA by adding approx 3 vol 
95*£ ethanol and mixing gently but well by invetting tube several times. 

8. (Optional): store samples for a few hours at -20’C to enhance DNA precipitation. 

9. For most samples a stringy or fluffy white pellet of precipitated DNA will be visible. 
This precipitate can be spooled on a glass rod and placed into a 1.5-mL centrifuge 
tube and allowed to air-diy. If no precipitate is visible. DNA can be precipitated by 
centrifugation in a clinical centrifuge. The supernatant should be removed carefully 
to present dislodging of the pellet and the pellet should be air-dried. 

10. When dry. pellet should be resuspended in TE. For small or not easily visible pellets, 
use 50 pL of TE. large pellets may require 200-300 pL of TE. 

11. Incubate at 37°C overnight to allow DNA to go into solution. If still viscous, addi¬ 
tional TE should be added and sample should be reincubatcd. Vortexing is not recom¬ 
mended as it may shear DNA. 

12. DNA concentration is determined using a spectrophotometer and DNA should be 
stored long-term at -20°C. Aliquoting is also recommended if the DNA is to be used 
for additional purposes such as Southern blotting. 

3.2. DNA Digestion and Linker Ligation (See Note 7) 

1. Linker annealing. Mix in an Eppendorf tube 50 pL each of Bja linker* and linker- (for 
left) or Nla linker* and linker- (for right), then add 2 pL of 5 M NaCl. Incubate the 
tubes in a heating block at 95*C tor 5 min. then turn the heating block off and allow 
them to anneal by slow cooling. Annealed linkers can be stored at -20"C. 

2. First restriction digest. Approximately 2 pg of DNA is digested with Bfal (for cloning 
off the left IRDR) or MaHl (tor cloning off the right 1RDR). Digests arc performed at 
37°C with 10 U of enzyme in the appropriate buffer in 50 pL rcactioo volume (to 
ensure appropriate dilution of the glycerol that the enzymes arc stored in). 

3. DNA purification. DNA is purified from the reaction buffer using the QIAquick PCR 
purification kit from Qiagen following the directions provided by the kit. There is one 
modification to the protocol—DNA is eluded from column using 30 pL of Milliporc 
purified water. 

4. Linker ligation. Linkers arc ligated onto the DNA fragments in a 20 pL reaction that 
contains: 6 pL of annealed linkers (B/a for left or Mam for right). 8 pL of digested 
DNA (B/a for left or .V/uIII for right). 4 pL of 5X ligasc buffer, and 2 pL of T4 DNA 
ligasc (Tnvitrogen). Incubate at 16°C for 6 h to overnight. 

5. DNA purification is the same as step 2 above. 

6. Second restriction digest Linker-ligated DNA fragments arc digested with Rr/nHl 
(left) or Xhol (right) in 50 pL of total reaction buffer. Use 22 pL of purified DNA from 
step 5 (essentially all the cluatc that is recovered). 10 U enzyme, and the appropriate 
buffers. Incubate at 37°C for 3 h to overnight (see Note 8). 

7. DNA purification is the same as step 2 above. 

3.3. Polymerase Chain Reaction (See Note 9) 

1. Primary PCR reaction conditions (see Notes 10 and 11): 
a For one reaction: 
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tutors 


000 bp— 
500 bp- 

100 Op- 



Fig. 3. A typical linker-mediated PCR result on leukemias induced by T2/onc inscr- 
tional mutagenesis. Most successful linker-mediated PCR reactions produce a "smear" of 
PCR products, although some individual bands can be discerned. 


10X PCR buffer 

5pL 

50 mJf MgCl, 

2 pL 

10 mA/dNTPs 

lpL 

Primary IRDR primer (long IRDR 
|L2] for left, long IRDR (R] for right) 

0.5 pL 

Linker primer 

0.5 pL 

Platinum Taq 

0.25 pL 

PCR grade water 

37.75 pL 

Purified, linker-ligated DNA 

3 pL 


2. Primary PCR thcrmocyclcr conditions: 

a. 94'C for 2 min. 

b. 25 cycles of 94’C for 15 s. 60”C for 30 s. and 72°C for 90 s. 

c. 72'C for 5 min. 

d. 4*C bold. 

3. For secondary PCR. the primary PCR product is first diluted 1:75 with water. In addi¬ 
tion. the volume for secondary PCR is doubled compared with primary PCR to allow 
half the reaction to be visualized on an agarose gel and half to be saved for cloning. 

4. Secondary PCR reaction conditions: 


10X PCR buffer 

10 pL 

50 mftf MgCl, 

4 pL 

10 mAf dNTPs 

2 pL 

Nested IRDR primer (new LI 

lpL 

for left. KJC1 for right) 


Linker nested primer 

lpL 

Platinum Taq 

0.5 pL 

PCR grade water 

75.5 pL 

Diluted primary PCR product 

6 pL 


5. Primary PCR thcrmocyclcr conditions are the same as for primary PCR (step 2 
above). 

6. Half of each PCR reaction is run on an approx 2% of agarose gel in IX TAE contain¬ 
ing cthidium bromide for visualization (caution cthidium bromide is a suspected car¬ 
cinogen) using a 100-bp ladder for visualization. Linker-mediated PCR usually results 
in a smear or products, with occasional distinct bands visible (see Fig. 3). 
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7. The remaining half of each reaction is purified using QIAquick PCR columns for 
cloning. Again, purified DNA is eluted into 30 (iL of Milliporc purified water. 

3.4. Cloning of PCR Products 

1. Ligate purified PCR products into the appropriate TA cloning vector following man¬ 
ufacturers directions. We use the maximum volume of purified PCR in the ligation 
reaction as possible. For example, for pGEMT Tcasy, the ligation reaction consists of 
1 pL vector. 2 pL of 5X ligasc buffer (Invitrogen). 6 pL of purified PCR product, and 
1 pL of T4 DNA ligasc (Invitrogen) and is allowed to incubate overnight at 16 5 C. 

2. Transform bacteria with approximately half of the ligation (the rest can be stored at 
-20"C for later use if necessary) and plate onto LB plates containing the appropriate 
antibiotic for the cloning vector used. 

3. For sequencing of a small number of PCR products, mini-preps can be performed by 
hand to isolate plasmid DNA for sequencing. For high-throughput sequencing, colonics 
arc often grown in 96-well plates in preparation for automated plasmid purification. 

4. Notes 

1. The manufacturer recommends storage of Mam and Bfal at -70°C. We also recom¬ 
mend aliquoting these enzymes to prevent multiple rounds of freeze/thaw. 

2. Any sector that allows the ligation of the 3' A overhangs generated by Taq can be used. 
pCR*4-TOPO* (Invitrogen) is advantageous because self-ligated vectors restore a 
lethal Escherichia coll gene and therefore, cannot be recovered- We have also had suc¬ 
cess with cloning into pGEMT-casy (Promega Madison. WI) followed by performing 
blue-white selection on 5-broroo-4-chloro-3-indolyl-(S-t>galactopyraT>Gsidc plates to 
detect plasmid-containing ligated PCR product inserts. In either ease, ligation of insert 
and vector should be performed according to manufacturer's recommendations. 

3. Some TA-cloning kits include bacteria for transformation- For example. TOPO 
cloning kits from Invitrogen include TOP 10 competent cells. When not supplied, we 
use chemically competent DH5-a for routine cloning of PCR products. When large-scale 
sequencing of cloned products is required, we use clcctrocompctcnt cells such as 
ElectroMAX" DHIOB™ from Invitrogen as drey have higher transformation efficiency. 
Follow the transformation directions supplied by the manufacturer. 

4. Traditionally, our laboratory has used phcnol/chloroform extraction followed by 
ethanol precipitation to purify genomic DNA from snap frozen tumor tissues digested 
with proteinase K as described here. We find that the protocol described here is the 
most consistent at isolating high-quality DNA. All steps utilizing phenol and chloro¬ 
form must be carried out in an appropriately ventilated fume hood with appropriate 
safety precautions. Waste must be treated according to local regulations. However, for 
DNA extraction we have also had success using protocols that use "salting out" meth¬ 
ods for protein precipitation followed by isopropanol precipitation of DNA from the 
resulting supernatant. We have not had great success using commercially available 
"spin column" type methods for preparing genomic DNA for linker-mediated PCR 

5. We take great care in handling reagents and samples to prevent cross-contamination. 
This involves using disposable single use plastics or glass pipets when possible, and 
using aerosol-resistant pipet tips (also known as "filter" tips). 



106 Largacspada and Collier 

6. Use polypropylene tubes and not polystyrene as polystyrene will not be resistant to 
the organic phenol used in later stages. 

7. Goning of junctions from both the right and left sides of the transposon requires two 
separate reactions for each tumor sample. Although the reactions arc technically sim¬ 
ilar. they require different restriction enzymes, linkers, and PCR primers. Details arc 
given for both left and right reactions. 

8. It is very important that this digest goes to completion to prevent the amplification of 
the T2-vector junction that is present in every transposon remaining in the con- 
catomcr. Therefore, overnight incubations are recommended. 

9. To prevent contamination of PCR with T2/onc plasmids from the laboratory, we per¬ 
form PCR in a dedicated PCR hood equipped with an ultraviolet lamp. We have ded¬ 
icated PCR pipets. filter tips, and water that do not leave the PCR hood. In addition, 
we expose our PCR tubes. PCR buffer, and MgCl, solutions to ultraviolet light for 
30 min before PCR. 

10. It is often convenient to make a PCR "master-mix" that contains everything but 
the DNA which is then aliquoted into the individual PCR tubes before DNA 
addition. 

11. In addition to the DNA samples, we always include a PCR reaction that contains only 
water to control that no plasmid contamination is occurred. 

12. Linker-primers are 5' phosphorylatcd and 3' amino modified. The phosphate modifica¬ 
tion is necessary for ligation onto digested genomic DNA. The 3' amino group prevents 
Taq from extending off the 3' end of the linker and copying the region of nonhomology 
in linker*. 
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lnsertional Mutagenesis of the Mouse Germline 
With Sleeping Beauty Transposition 

|unji Takcda, Zsu/sanna l/svak, and Zoltin Ivies 


Summary’ 

Efficient linking of pommy DMA ttCftmtr inluimaUun hi gene functioiB in vertebrate mcdcls 
require* that genetic nuxhlieatsom and their e fleet. are a n alyzed in an efficacious, cootiolled, and 
scalable manna. Thus, to facilitate analysis of gene function, no* genetic tools and strategics are 
cunendy umln devekiprooni Tranapuable elements, by virtue erf then inherent ability to insert into 
DNA. can be developed into useful tool* for chromosomal manipulation. MuUgene.il screens based 
ee transpowble element, have numerous advantages as they can be applied in vivo and are therefore 
phenotype-driven, and molecular analysis of the mutations is straightforward. Current progress 
in this held indicates that transpusable elements will serve as indispensable tool, m the genetic 
toolkit of vertebrate models. Here, we provide experimental protocol, for Ibc construction, func¬ 
tional testing, and application of the Sleeping Beauty transposon for insettuoal mutagenesis of the 
mouse gcrmline. 

Key Words: Functional genociscs; gene trap; insertional mutagenem. poly A-trap. transgeneu.. 
transpiiwm. 

1. Introduction 

DNA transposons arc natural, nonviral “vehicles" that are able fo move a defined 
DNA segment from one genetic location to another. Transposons have been 
successfully used in lower metazoan model species and in plants for transgcncsis 
and insertional mutagenesis, but until the rcactivaUon of the Sleeping beauty (SB) 
transposon system in 1997 (1), there was no indication of DNA-bascd transposons 
sufficiently active for these purposes in vertebrates. SB exhibits high transpositional 
activity in a variety of vertebrate-cultured cell lines (2). embryonic stem cells (J). 
and in both somatic <4) and gcrmline (5-9) cells of the mouse and rat (10) in vivo. 
Therefore. SB is a valuable tool for functional genomics in several model organisms 
(reviewed in ref. II). 


Ironr. Stoho* M XtoWrufar BMagy »iJ its Ouanauaul XU ugenau 
iiUlnl by. C DXU and K. | Kiyxi e Human* (Vui Inc, Jutm»» N| 
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DNA-Biivwig Catalyst* 

i 


Fig. 1. The SB nansposon system. (A) Mechanism of SB transposition The transposable 
element carrying a GOI (orange box) is maintained and delivered as part of a DNA vector (blue 
DNA). The transposase (purple circle) binds to its sites within the transposon IRs (black 
arrows). Excision takes place in a synaptic complex. Excision separates the transposon bom the 
donor DNA. and the double-strand DNA breaks that arc generated during this process are 
repaired by host factixs. The excised element integrals into a TA dinuckccrifcs site in the target 
DNA (green DNA) that will lx duplicated arai win be flanking the newly integrated transposon. 
(B) Components and structure of a two-con^incnt gene transfer system based cm SB. A GOI 
(orange box) to Ik mobilized is cloned between the terminal (IR/DR. black arrows) that con¬ 
tain hinding sites for the transposase (white arrows). The transposasc gene (purple box) is phys¬ 
ically separated bom the IR/DRs. and is expressed in cells bom a suitable promoter (black 
arrow). The transposasc consists of an N-tcraunal DNA-binding domain, a nuclear localization 
signal, and a catalytic domain characterized by the D aspartic acid and glutamic acid signature 


SB transposes through a conservative, cut-and-paste mechanism, during which 
the transpasable element is excised from its original location by the transposasc, 
and is integrated into a new location (Fig. 1A). SB represents a two-componcnt 
gene transfer vector system consisting of a transposase protein and a gcne-of-interesl 
(GOI) cloned between the terminal inverted repeats (IRs) containing binding sites 
for tile transposasc (Fig. IB). This enables the generation of transgenic stocks. 
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Fig. 2. In vivo gcxmlinc mutagenesis of the moose with trans posable elements. Breeding 
of “jumpstancr ’ and "mutator’* stocks induces transposition in the gcimlinc of doublc-tnins- 
gcnic "seed” males. The transposition events that take place in germ cells arc segregated in 
the offspring. Animals with transpwition events need to be teed to homozygosity in order to 
visualize the phenotypic effects of recessive mutations. Mutant gcocs can easily be cloned by 
different PCR methods making use of the inserted transposon as a unique sequence tag. 



each containing a separate component of the binaiy transposen system in its 
genome: ooe component, encoding the transposasc. is carried by the "jumpstartcr” 
strain, which on intercrossing, efficiently mobilizes the second component, a 
nnnautnnocnous transposon in the genome of the "mutator” strain (Fig. 2) (12). 
Most transposon-based experimental strategies m vertebrates have been utilizing 
this two-component, binary approach in which transposition is controlled by nans- 
supplementation of the transposasc. This experimental setup is especially useful for 
directing transposition events to particular tissues or organs by tissue-specific pro¬ 
moters driving transposasc expression. Importantly, once Integrated, transposasc - 
deficient nnnautonomous transpose ns are stable in the absence of the transposasc. 

Inscrtional mutagenesis using engineered transposablc elements can be one of 
the most productive and versatile approaches toward disrupting and manipulating 
genes on a genome-wide scale. Transposon insertion into a gene can itself be 
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mutagenic, if the insertion disrupts the transcriptional regulatory or coding region 
of a gene. However, most mtronic insertions arc not expected to be mutagenic 
(Fig. 3A>. Thus, several features to enhance the mutagenicity as well to add 
reporting capabilities of inscrtional vectors by trapping transcription units were 
developed; these are summarized in Fig. 3. Gene trapping (often referred to os 
promoter or exon trapping) is based on the activation of a promotcr-Icss reporter 
gene whose expression is dependent on splicing between the exons of the trapped 
gene and a splice acceptor (SA) site earned by the transposon (Fig. 3B). Thus, gene 
trap vectors both report the insertion of the transposon into an expressed gene, and 
have a mutagenic effect by truncating the transcript through imposed splicing. 

More sophisticated vectors have been developed that contain a poiyadcnylation 
(polyA) trap cassette that reports insertion into a Pol II transcription unit (Fig. 3C). 
The marker gene lacks a polyA signal (pA). but contains a splice donor (SD) site. 
Thus, when integrating into an intron. a fusion transcript can be synthesized 
consisting the marker and the downstream exons of the trapped gene. Because 
polyA trap cassettes have their own promoters, they can report the insertion into 
genes irrespective of their expression status in a given cell type. The gene trap and 
polyA trap cassettes can be combined. Such dual tagging systems (Fig. 3D) allow 
the isolation of both upstream and downstream fusion transcripts of the trapped 
gene, and have been used in the mouse (13,14). 

The mutagenicity of gene trap vectors is higher than that of simple inscrtional 
vectors, and they enable easy identification of the hit gene by reverse transcrip¬ 
tase-polymerase chain reaction (PCR) targeting the composite transcripts mode 
up by sequences of the inscrtional vector and the endogenous gene. In cell cul¬ 
ture. drug resistance markers are generally in use whereas in animal systems 
reporters otfer the possibility to visualize spatial and temporal expression patterns 
of the mutated genes by using LncZ or lluorescent proteins (Fig. 3). SB can be 
equipped with gene trap cassettes (8,9.15). which significantly enhances its util¬ 
ity as a tool for functional genomics in vertebrate models. Furthermore, similar to 
the GAL4 transcriptional factor and its upstream activating sequences system in 
Drosophila , a conditional, tetracycline-regulated system has been shown to be 
applicable to transposon-mediated inscrtional mutagenesis m mice (16). 

SB has been successfully used for forward genetics approaches in the mouse. 
Double transgenic mouse lines were generated bearing chromosomally present 
transposons and cither an ubiquitously (6-9) or male germlinc-specifically (5) 
expressed transposase gene. Segregating the transposition events by mating the 
founder males to wild-type females revealed that up to 90% of the progeny can 
carry transposon insertions (7). and a single sperm of a founder can contain, on 
average, two insertion events (6). Tbc gcrmlinc of such a founder was estimated 
to harbor approximately 10.000 different mutations (8). Importantly, transposi¬ 
tion of gene trap transposons identified mouse genes with ubiquitous and tissue- 
specific expression patterns, and mutant/Icthal phenotypes were easily obtained 
by generating homozygous animals (8,9,17). 
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New irunspoMin insertions tend lo cluster around tbc original trunsposon donor 
locus, a phenomenon termed “local hopping.” Keng et al. (18) look advantage of 
SB's local bopping behavior to provide proof-of-conccpt that transposoa technology 
can be utilized to mutagenize mouse genes at a saturation level within a certain 
chromosomal interval. 

•fhc mayor advantage of transpose*!-mediated inscitional mutagenesis in the mouse 
lies in the abihty to generate and maintain whole libraries of inscitional mutants in 
vivo, in the testes of founder animals. TTie phenotypic effects of these mutations can 
then be easily analyzed by simple breeding of the founders. In order lo take full 
advantage of local hopping for saturation mutagenesis. libraries of transpuson donors 
in chromosomal regions of interest (e.g., quantitative trait loci or syntenic regions of 
certain disease loci where genes of interest are located in clusters) can be generated. 


2. Materials 

2.1. Tissue Culture 

1. Dulbccco’s phosphate-buffered saline (PBS) (IX) without Mg* and Ca' (PAA 
Laboratories GmbH. COlbc. Germany). 

2. Dulbecco's modified Eagle’s medium ♦ GlutaMax (+45 g/L o-glucose. + pynivaic) 
(Gibco Pnvitrogen Corporation. Carlsbad, CA. USA|). 

3. JetPEI RGD transfection reagent (Biomol [BIO.MOL GmbH. Hambuig. Germanyl). 

4. Antibiotic-antimycotic solution (100X) (Gibco). 

2.2. PCR Assay for Jransposon Excision in Cell Culture 

1. Primer pUCl 5-CAG TAA GAG AAT TAT GCA GTG CTG CC. 

2. Primer pUC2 5 -GCG AAA GGG GGA TGT GCT GCA AGG. 

3. Primer pUC3 5-CGA TTA AGT TGG GTA ACG CCA GGG. 

4. Primer pUC4 5 -CAG CTG GCA CGA CAG GTT TCC CG. 

5. Primer pUC5 5-TCT TTC CTG CGT TAT CCC CTG ATT C. 

6. Primer pUC6 5-CCA TTC GCC ATT CAG GCT GCG CAA C. 

7. 7a</ polymerase (InviTek. Berlin. Germany). 

2.3. PCR Assay for Jransposon Excision In Vivo 

1. HotStarTaq DNA polymerase (Qiagen GmbH. Hilden. Germany). 

2. Gene Amp PCR system 9700 (PE Applied Biosystem. Forster City. CA USA). 

2.4. Detection of poly(A) Trapped Events in Mice 

1. Fluorescence microscope (WILD Mlft Leica Geosystems AG. St Galien. Switzerland). 

2.5. Detection of Promoter-Trapped Events in Mice 

1. 4-Chloro-5-bromo-3-indolyl-P-D-galactopyranoside (X-Gal) (Nakalai tesque, 
Kyoto, Japan) is dissolved at 40 mghnL in dimethyl sulfoxide and stored at -30"C. 
2 25% of Glutaraldehydc solution (Nakalai tesque) stored at 4'C. 

3. 4% of Paraformaldehyde solution is dissolved in 0.001 N of NaOH. 

4 10% of Nonidet P-40 (NP-40) dissolved in H,0. 
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2.6. Ligation-Mediated PCR (LM-PCRI to Determine Integration Sites 
of the SB Transposon 

1. HotStarTaq DNA polymerase (Qiagen). 

2. Gene Amp PCR system 9700 (PE Applied Biosystcm). 

3. Splinkerctte linkers: 

a. Spl-top (molecular weight 19361.8) 5'-CGA ATC GTA ACC GTT CGT ACG 
AGA ATT CGT ACG AGA ATC GCT GTC CTC TCC AAC GAG CCA AGG. 

b. SplB-Sau (molecular weight 9154.1) 5 -GAT CCC TTG GCT CGT ITT ITT 
TTGCAAAAA. 

c. SplB-BLT (molecular weight 7918.2) 5 -CCT TGG CTC GTT TIT TIT TGC 
AAAAA. 

d. Linker for blunt end: 10.6 pg of Spl-top and 4.4 pc of SplB-BLT arc combined 
in 50 pL of a solution containing 10 mAf of Tris-HCl pH 7.5 and 5 mAf of 
MgCl,. The mixture is soaked in 95 ! C followed by gradual cooling to room 
temperature. 

e. Linker for cohesive end: 10.2 pg of Spl-top and 4.8 pg of SplB-Sau are combined 
in 50 pL of a solution containing 10 mAf of Tris-HCl pH 7.5 and 5 mAf of MgCl,. 
The mixture is soaked in 95“C followed by gradual cooling to room temperature. 
The prepared linkers are kept at -30 a C until use. 

4. Oligonucleotides for PCR: 

a. Tdircct repeat (DR) 5'-CTGGAATTGTGATACAGTGAATTATAAGTG. 

b. T/BAL 5-CTTGTGTCATGCACAAAGTAGATGTCC 

c. Spl-Pl S-CGAATCCTAACCGTTCGTACGAGAA. 

d. Spl-P2 5 -TCGTACGAGAATCGCTGTCCTCTCC. 

5. TaKaRu Ligation Kit versioo 1 (TAKARA Bio. Shiga. Japan). 

3. Methods 

3.1. Construction of Mutagenic Transposon Vectors 

To generate pTram-SA-IRESLacZ-CAG-GFP-SDiAVo coastmct (Fig. 4). the 
following steps are performed. 

1. Unique i trine turn enzyme IRE) sues are inliodueetl just ouliide of the inins/mum sector. 
multicloning sites of pBIucscript II were replaced with Ast i, A7iol. Noil, and Swul sites 
by PCR amplification with primers 5‘ GCCGCTCGAGGGCGCGCCAGATT- 
TAAATC AGCTTTTGnCCCnTAGTGAG 3' and 5' CGCAGCGGCCGCATT- 
TAAATGAGG CGCGCCGCrCCAATTCGCCCTATAGTG 3' using pBlucscriptll as 
a template. A 2.9-kb Xhol-Notl fragment of the PCR product was ligated to a O.B-kb 
Xhol-Nod fragment of 1R/DRIR.L) from pBS-IR/DR(RJ.). resulting in pBS-IR/DR-AS. 
which contains AjcI and Swfll sites flanking the IRs and DRs. 

2. Introduction of unique enzyme tiles into the old nonsposvn vector, linkers containing 
AscI-A/ml-Swnl sites and Pme\-Pocl sites were created by annealing oligonucleotides 
5' GTACGGCGCGCCGGTACCAnTAAAT 3' and 5’ GTACATITAAATGGTAC- 
CGGCGCGCC 3’ and oligonucleotides 5' CGnTAAACnAATTAAGAGCT 3' and 
5’ CITAAnAAGTTTAAACGAGCT 3'. respectively. Each linker was insetted into 
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Fig 4. Schematic representation of a "dual tagging" gene trap Dansposon cans Duel The 
uricntaiioas of transcription arc shown by an anew. Some of unique RE sites (Purl Stxil. 
and And) arc also shown. Dashed line indicates the sector backhooc. SD. splice donor, SA. 
splice acceptor. pA. polyA signal. 


the unique Kpnl and foil sites, respectively, of pTtans£X-GFRNeo after the removal 
of the TransCX-GFF fragment, resulting in pAKSM-oPR 

3. Construction of GFP-SD unit for polyiA) nap: the 5d/I-S.imHl fragment of pCX- 
cnhanceil green fluorescent protein ( EGFP) PigA. containing CAG-EGFP. and the 256- 
bp fragment of the Neo cassette, consisting of SD sequences from the mouse hpn gene 
cion X/inQon 8 region and the rnRNA instability signal derived from the 3’ untranslated 
region of the human granukcytc-macrcphage colopy-siimnlatiiy factor eDNA were 
inserted mlo Su/I-bluntcd Mid sites of pBluescnpt IL resulting in pCAG-GFP-SD 

4 . Ailditinn of SA-LuZ-potyiA) unit for promoter trap: an X/-ul-blunted-///ridIlI frag¬ 
ment of the rabbit (1-globin poly(A) addition signal and a SflcII-Mttl fragment of the 
lacZ gene, containing the nuclear localizing signal were isolated and were inserted at 
-Vhul and Smal sites and &eD and Noll sites of pBIuescriptll. respectively, resulting 
in pfari'Z-BS. A Sail-Xhol fragment of CAG-GFF-SD from pCAG-GFF-SD was 
inserted at the Xhol site of pLo. Z-BS, resulting in pLoiZ-CAG-GFF-SD. The human 
bcl-2 mtron 2/exon 3 SA sequence was amplified by using primers 5' CGGCAA- 
GCirCTCGAGCTGTAKTCTAAGATGGCTGG 3' and 5' GCCACGGTCGACG- 
CCTGCATATTAnTCTACTGC 3'. with the removable exon Uap (19) (RET) vector 
as a template. Hie internal ribosome entry site (IRES) sequence was amplified with 
primers 5' GGAGCGTCGACTACGTAAATTCCGCCCCrCTCCCTC 3' and 5' 
GGAGCGTCGACTACGTAAA3TCTCCCTCCCC 3'. with the RET vector as a tem¬ 
plate. A Hindni-Su/I SA-containing fragment and a Sd/I-fiomHI IRES-containing 
fragment were simultaneously cloned into the Wi/idlll and bamHl sites of placZ- 
CAG-GFF-SD. resulting in pSA-IRESZ^.Z-CAG-GFF-SD 

5. Generation of ihe final construct, the Xhol fragment of pSA-IRES-ZncZ-CAG-GFF-SD 
con taming SA. IRES, lacZ poly(A), and CAG-GFF-SD was blunted and inserted at the 
EioRI and ftnriHI sites of the pBS-IR'DR-AS after both sites were blunted, resulting 
in pTrans-SA-lRESGn Z-CAGGFF-SD. The Arcl-Awd fragment of pTrans-SA-IRESGiLZ 
CAG-GFF-SD was inserted at the As. I and S*xil site of pAKSiMrr.PP. resulting m 
pTruns-S A-IRESLotZ-C AG-GFF-SD j\eo (see Note 1). 

3.2. Testing Transposon Excision In Vitro 

The main steps of the procedure arc illustrated in Flu, 5. The following proce¬ 
dure is applicable for any transposon that is cloned into the multiple cloning 
regions of pUC and pBlucscnpt-derivcd plasmid vectors. 










Insertional Mutagenesis ot the Mouse Getwline 


117 



■ 

♦ ♦ 

tnnsjosixi *Ktfcf<ii 


Rg. 5. Transposon excision assay in transfected cells. He La celLs were cotransfected with 
a n<-i>marked transposon plasmid and vectors expressing the proteins indicated. Transposon 
excision is assayed with PCR that amplifies a footprint product. PCR-amplitkat»on of the 
neo marker inside the transfected transposon donor serves as a loading control. 

3.2.1. Transfection of Human HeLa Cells 

1. Tfypsinizc a 10-cm HeLa plate when the plate is 80-85% confluent. 

2. Resuspend the cells in 4 mL of medium. 

3. Plate out SO pL in a 6-well plate (7PPAG. TYasadingcn. Switzerland) or 1-15 x 10 5 
cells/well (see Note 2). 

4. Let the cells grow for 24 h. 

5. Transfect cells using jctPEl RGD as transfection reagent with 100 pg of transposasc- 
expressing helper plasmid DNA and I pg of transposon donor plasmid. 

6. Put together the plasmid DNAs and then add 150 mAf of NaCl to 50 pL. 

7. Prepare a mastermix with the transfection reagent: 2 pL of jctPEl with 48 pL of 
150 mAf NaCl; add this to the prepared plasmid mix. 

8. Incubate for 30 min and then pipet the mixture put it to the cells. 

9. Incubate the cells in the presence of the transfection reagent lor 2 d. 

3.2.2. Harvest of the Cells 

1. Aspirate medium and wash the cells with PBS. 

2. Trypsinizc the cells. 

3. Resuspend the cells in 1 mL of scrum-containing medium and transfer them into an 
2-mL Eppcndorf tube. 

4. Pellet cells for 3 min at 800g. 

5. Aspirate medium and wash with 1 mL of PBS. 

6. Repeat centrifugation step and aspirate PBS. 

7. Pellet is used for DNA preparation or stored ar -SOX for later use. 















Takeda el al. 


118 

3.2.3. Preparation of Plasmids From Transfected Cells 
This method is based on the Qiagcn Spin Miniprcp Kit (Qiagen). 

1. Resuspend harvested cells in 300 pL buffer PI. 

2 . Add 300 |iL 1.2% sodium dodecyl sulfate and 5 pL of proteinase K <10 mg/mL), mil 
well but do not vortex. 

3. Incubation at 55°C for 30 min. 

4. Add 400 pL of buffer N3. mix well but do not vortex. 

5. Incubate on ice for 30 min. 

6 . Centrifuge for 10 min at I 6 , 000 g. 

7. Pipct the supernatant into the spin column. 

8 . Follow the subsequent steps (washing and elution) exactly as specified in the Qiagen 
protocol for Spin Prep. 

9. Measure DNA concentration. 

3.2.4. Excision PCR 


DNA 

1.5 pL (50 ng) 

10 X PCR buffer 

20 pL 

MgCl, (25 rnW) 

12 pL 

dNTPs (10 mAf) 

04 pL 

Ptimer pUC(lOpAf) 

1.0 pL 

Ptimer pUC 6 (10 pAf) 

1.0 pL 

Tail DNA polymerase 

025 pL 

H 3 O 

To a final volume of 20 pL 


PCR<ycle: 

95°C—5' 

95°C—30" I 
65 C C—30" 30X 

72C—r I 
72°C—5' 

4°C 


Dilute products 1:100 for PCR-D: 


DNA 

3 pL diluted PCR product 

10 X PCR buffer 

5pL 

MgClj (25 mAf) 

2.5 pL 

dNTPs (10 mAf) 

lpL 

Primer pUC5(10pAf) 

2.5 pL 

Primer pUC 2 (lOpAf) 

2.5 pL 

Tail DNA polymerase 

0.5 pL 

H ?0 

To a final volume of 50 pL 
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• PCR cycle as above. 

• Run PCR products on a 1.5% agarose gel. 

• If your product is to weak you can perform a third PCR as followed. 

• Dilute products of PCR-II with sterile distilled water (DW) 1:100. 


PCR-III 

DNA 

3 |iL diluted PCR product 

10 X PCR buffer 

5pL 

MgCl, (25 mM) 

2.5 pL 

dNTPs <10 m.W) 

1.0 pL 

puc3 Primer (10 pAf) 

2.5 pL 

puc4 Primer (10 pAf) 

2.5 pL 

Tai/ DNA polvmerose 

05 pL 

H;0 

To a final volume of 50 pL 


■ PCR cycle as in PCR-1. 

• Run PCR products on a 1.5% agarose gel. 

3.3. Generation of Transgenic Mice: SB Transposase-Expressing 

(SB Transgenic) Mice and Transposon-Containing (GFP Transgenic) Mice 

To generate pCAG-SB construct, a blunl-endcd itacll SB fragment pSBIO was 
inserted at the blunt end of EcoRl site of pCX-EGFP, after removal of an Ecu Hi 
EGFP fragment. The So/l-flomHI fragment of pCAG-SB was gel puntied and 
injected into fertilized eggs obtained from the mating of BCFl(C57BL/6 x C3H) « 
BCF1 mice to generate SB transgenic mice (see Note 3). The SB transgenic line was 
established by mating the founder mice with C57BL/6 mice (see Note 4). pTrans- 
SA-mPSLacZ-CAG-GFI'-SD Neo was linearized with /tad and injected into BDF1 
(C57BL/6 x DBA) x BDF1 fertilized eggs to generate GFP mice (see Note 5). 

3.4. Selection of GfP Transgenic Mice 

As most transpositions occur locally, close to the donor sites m GFP-transgcmc 
mice, mutant mice homozygous for a new transposon insertion often contain the 
donor site at both alleles. Selection of GFP transgenic mice in which the donor 
site does not affect phenotype when homozygous is important for phenotype 
screening by the SB transposon system. 

3.5. Breeding, Generation of Double-Transgenic “Seed" Mice 

As illustrated in Fig. 2. SB transgenic mice are mated with GFP-transgcmc 
mice to generate double-transgenic male ‘'seed" mice (sec Note 6). 

3.6. Testing Transposon Excision In Vivo 

Excision of SB transposon was examined by PCR with following primers: 
TgTP-2L, 5’-ACACAGGAAACAGCTATGACCATGATTACG-.V and TGTP-1U, 
5’ GACCGCrrCCTCGTGCnTACGGTATC-3'. Each pnmer is located just 
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Fig. 6. Examination of poiyA trap events using fluorescence stcieomicroscopy in 
newborn mice. The mouse at the left is GFP-ncgativc and the mouse at the right is 
GFP-positive. 

outside of the Dt/DR-R and IR/DR-L of pTrnns-SA-IRESiarZ-CAG-GF/'-SD Jieo. 
PCR conditions were 95°C for 15 mm. 50 cycles 94°C for 1 mm. 59°C for 1 min. 
and 72°C far 1 min. followed by 72°C for 10 min. As this PCR condition detected 
approximately one excision event, particular GFP transgenic line could be evalu¬ 
ated by frequency of excision in "seed” mice generated by mating with SB mice. 

3.7. Defection of poly(A)-Trap Events in Mice 

Newborn mice arc checked with a fluorescence microscope with GFP-speciiic 
filter before the appearance of hair. GFP-positive mice (Fig. 6) arc candidates of 
gene-trapped mice. 

3.8. Detection of Gene-Trap Events in Mice 

To examine the expression patterns of trapped genes, tissues or embryos arc fixed 
with 1% parafoimaldehydc. 02% glutaruldchydc. and 0.02% NP-10 in PBS (pH 7 J) 
for 30 nun at room temperature, washed with PBS containing 0.02% NP-40 for three 
times, and then stained in a solution of 1 mg of X-Gal/mL, 2 m M MgCl,. 4 imVf 
KjFc(CNi 6 . and 4 mVf K,Fc(CN) 6 in PBS (pH 7J). A {5-galactosidasc-expressing 
tissue sample is illustrated in Fig. 7. 
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Fig. 7. Detection of promoter trap events using X-Gal staining. Tbc cross-section of 
the cerebellum derived from one of the SB tjansposon-inserted lines is shown. Purkinjc 
cells arc positive for X-Gal staining. 


3.9. LM-PCR to Determine Integration Sites of SB Transposon 

1 . Isolate genomic DNA from mouse tail using 500 pL of DNA extraction buffer (1 mAf 
EDTA. IX SSC. 1 % sodium dodecyl sulfate, and 10 mA/Tffs-HCl pH 7.4) with 10 pL 
of pnitcinase K (10 mg/mL) and incubate at 56°C overnight. 

2 Centrifuge at 15.000 rpm for 5 min at 4°C to separate undLssolvcd tissue and trans¬ 
fer liquid phase to fresh Eppcndorf tube using blue pipet tips cut at the end to avoid 
genomic DNA shearing. 

3. Add equal volume (500 pL) of phcoolichloroforro and mix by rotation for 15-30 min 

4. Centrifuge at 15.000 rpm for 5 min at 4°C and transfer aqueous phase to fresh 
Eppcndorf tube using hluc pipet dps cut at the end to avoid genomic DNA shearing 

5. Add 0.7 vol (350 pL) of isoptopanol and mix by gentle inversion. 

6 . Centrifuge at 18.000? rpm for 10 min at 4°C to pellet genomic DNA. 

7. Discard supernatant and wash with 500 pL of 80'£ ethanol. 

8 . Centrifuge at 15.000 rpm for 5 min at 4°C to pellet genomic DNA. 

9. Discard supernatant and dissolve genomic DNA in 50 pL TE. 

10 . Incubate at 56-60'C for 15-30 min to dissolve genomic DNA. Note: steps 1-10 can 
be done using automated DNA isolation equipment. 

11 . Measure DNA concentration using Nano-Drop spectrophotometer (NanoDrop 
Technologies, Wilmington. DE USA). 
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12. Dilute genomic DNA to a 10 ng/|iL concentration using DW. 

13. Proceed to digest 100 ng of diluted genomic DNA at 37'C for 3 b using one of the 
following RE 14-base cutters) in a final volume of 50 (iL. 

a. ,4/uI 

b. Mbol 

c. Haem 

d. Rial: 

For IF or IR vectors, use Mbol or Alul. respectively, as the first choice RE for ini¬ 
tial screening, followed by remaining enzymes. If sample quantity is small, use all 
three enzymes (Alul, Mbol, and //(itIII). Use Rial only if all other enzymes fail. 

14. Heat inactivation for 20 min after incubation: 

a. Alul. Mbol. or Rial at 65“C. 

b. Hutin at 80"C. 

15. Linker ligation at 16 : C for at least 2 h: 

a. AM. Rial, and Haem —use Spl-topflilunt. 
h Mbol —use Spl-top/Sau. 

Linker ligation reaction: 


RE digested genomic DNA 

2pL 

Appropriate linker 

lpL 

Takara ligation buffer A 

12 pL 

Takara ligation buffer B 

3 PL 

Total 

18 pL 


16. Purify using Qiagcn PCR purification kit (using manufacturer's instructions)— 
resuspend in 38 pL DW. For each sample, proceed to digest at 37 C C for 3 h 
using Kpnl. 

RE digest reaction: 


Linkcr-ligated/purificd genomic DNA 

38 pL 

Buffer (10X) 

5 pL 

BSA (10X) 

5pL 

Kpi\l (in excess) 

- PL 

Total 

50 pL 


17. Purify using Qiagcn PCR purification kit (using manufacturer's instructions) and 
tesuspend in 50 pL DW (may omit if sample quantity is large—pioceed directly to 
ncstcd-PCR). 

18. Ncstcd-PCR using 1 pL template with the following primer scls (first PCR): 

First PCR: 


DNA (bom slep 17) 

lpL 

Buffer <10X) 

5 pL 

dNTP (10 mAfi 

lpL 

Primer 1 T/DR (10 pAf) 

lpL 

Primer 2 5pl-Pl (10 pAf) 

lpL 

Hot start Taq 

0.25 pL 

DW 

40.75 pL 

Total 

50 pL 
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Fig. 8. LM-PCR analysis of transposon insertions. The agarose gel shows products of 
LM-PCR on DNA samples prepared from mice with transposon insertions. M indicates 
a marker of a 100-bp Dh'A ladder. 

PCR condition: 

15 min 
1 min 

1 mmj 30X 

7 min 

25‘C 

PCR using the following primer sets: 

First PCR 

Buffer (10X) 
dNTP <10 m.Vfi 

Second primer I T/BAL <10 pAf) 

Second primer 2 5p!-P2 <10 pAf) 

Hot start Toq 
DW 
Total 

— 

PCR condition: 

Similar to first PCR. 

19. Cheek PCR product by running 5 pL of each sample in a 29£> agarose gel (eihidium 
bromide added) (Fig. 8). Note: for samples with no visible PCR product proceed to 
repeat using other 4-base RE and start from step 13 again. 

20. Proceed to run preparative 2% agarose gel (cthidium bromide added). 

21. Gel extraction of bands under ultraviolet and proceed to purification using Qingcn gel 
extraction kit (using manufacturer’s instructions)—resuspend in cither 30 pL or 50 pL 
DW. depending on the intensity of the PCR band. 

22. Rcchcck for purity by tunning 5 pL of resuspended PCR-band product in a 2% 
agarose gel (cthidium bromide added). 

23. Proceed to cycle sequencing using 1 pL of the purified PCR-band product with the 
appropriate primer 


IpL 

5pL 
IpL 
IpL 
IpL 
0.25 pL 
40.75 pL 
50 pL 


95°C 

94°C 

55°C 

72°C 

72°C 

Cool to 

Second 
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4. Notes 

1. When the hluntrd SA-IRES-/ziiZ-CAG-GFP-SD was inserted into llic pBS-IR/DR-AS. 
both oncntalions were obtained. IF was that, transcriptional orientation of UteZ, GFP. 
and Neo was same in the final construct On the other hand. IR was that Neo and other 
units were reverse. 

2. Because there is always some variation from one transfection to another, it is good 
practice to transfect two wells with the same plasmid combination. The transfected 
cells harvested from the two wells can be combined for subsequent DNA preparation. 

3. SB 10 transposasc could be replaced by hyperactive versions of the SB transposase 
(20-23). C57BL/6 fertilized eggs can be used for generation of SB transgenic mice. 

4. In our experience, it took a long time (-6 mo) for the SB transgcnc in the founder 
mouse to be transmitted to the next generation. 

5. The vector backbone was included for suppression of LueZ and GFP expression, 
because the SD of GFP and downstcam of SA of LaeZ within tandem array of trans- 
genes may allow expression of GFP. As predicted. GFP signal was not detected in 
most founder mice (seven out of eight). 

6. Transposition efficiencies in male or female germ cell from double-positive mice 
were examined by comparing GFP-positive progeny. Mak double-positive (seed) 
mice could generate much higher percentage of GFP-positive mice, suggesting 
higher transpositions in male germ cells. 
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Conditional Gene Trapping Using the FLEx System 

Thomas Floss and Frank Schnutgen 


Summary 

The knowledge about the complete genome sequences of mouse, human, and other organisms is 
only the tint step toward the functional annotation of all genet. It facilitates the recognition of 
tequeixe cooservaboa, which helps to dittinguish between important and not important and alto 
coding from noocoding sequence. Nevertheless, approximately only 50‘S of all mouse genet have 
been entirely annotated to date. In the postgenotnic era. large-scale projects have been initiated to 
describe also the expression (Emap. Eurexpresa) and the function (International Gene Trap 
Consortium. Eucomm. Norcomm. Komp) ol all mouse geoes. By building up on these resources, 
the average amount of time starting from a gene-coding sequence to finally studying its function in 
a living organism or embryo, hat shortened significantly within the last decade. Several recent 
developments, namely, in bioinlocmatics and gene synthesis but also in targeted and random muta¬ 
genesis have contributed to the current status. This chapter will highlight the milestones that have 
been undertaken in order to saturate the mouse genome with gene trap mutations. We have no 
intention to cover the entire field but will instead focus on most recent vectors and protocols, which 
have turned out to be most useful in order to promote the technology. Therefore, we apologize 
upfront to the many studies that could not be menfioned here solely owing to space limitations but 
which nevertheless made significant cceilribufions to our current understanding. This chapter will 
finally provide guidance on possible uses of conditional gene trap alleles as well as detailed proto¬ 
cols for the application of this recent technology. 


Key Words: Conditional; gene trap; mutagenesis; CVe; Pipe; recombmase; FlEx; inversiot. 


t. Introduction 

The first documented ctfoit of a strategically placed gift in order lo achieve a 
specific goal is described in Homers report about the ancient greek Trojan Horse, 
which was donated only in order to defeat Agamemnon. King of Mykene and has 
led to the roman proverb: "timeo danaos et dona ferentes," or: “I am afraid of the 
grceks, even if they are bringing presents." A similar powerful idea has been the 
gene-trapping technique, which is based on the introduction of small artificial 
DNA cassettes in embryonic stem (ES) cells in order to simultaneously identify 
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and mutate genes and in general also report their in vivo expression pattern. Gene 
trapping has been first applied successfully to the mouse ES cell system in the late 
1980 s by Joachim Gosslcr and colleagues (1). At the time, the promising feature of 
the technique has mainly been the gene discovery aspect. Many studies were 
applied to study gene expression patterns in embryos and to retrieve new interest¬ 
ing genes that function during embryonic development. Soon afterwards, with 
newly developed linker-mediated polymerase chain reaction (PCR) technologies it 
has become feasible to determine also the site of the vector integration in a straight¬ 
forward manner (for a review see rtf. 2). Once the mouse and human genomes had 
been completely sequenced, the gene discovery aspect of gene trapping is not any¬ 
more a priority of the community. Gene trapping today has the goal of mutating as 
many mouse genes as possible using comparatively inexpensive techniques. Since 
the founding members of the International Gene Trap Consortium first got together 
in 2000. it has been demonstrated that different groups with different goals can 
work together cooperatively and complementarity, but at the same time compete 
with each other for international grants and publications. 

1 . 1 . Possibilities and Limitations 

The real value of gene trapping lies in the thousands of individually frozen ES 
cell clones, which all represent potential mouse models, available to the whole 
scientific community at prices which typically cover only shipping and handling. 
However, although we have been talking about the possibilities of random muta¬ 
genesis in the past, we have to talk about its limitations today. Most of the big 
gene trap libraries today have been built up on vectors that rely on the expression 
of genes in ES cells. Splicc-donor/polyA trap vectors, which initially promised to 
circumvent this restriction, have been discussed controversially, because theoret¬ 
ically, they could cause a variety of unwanted effects as integrations mostly 3' in 
genes and trapping of polyA-like sequences, which arc in fact not related to genes. 
And finally. polyA trap vectors may have unwanted influences of the integrated 
promoter on neighboring loci (3—5). The use of an Internal Ribosomal Entry Site 
(IRES) after the stop sequence of these cassettes elegantly circumvents the non¬ 
sense-mediated decay and thereby also selects integrations of splice-donor traps 
5' in genes (6). However, a drawback could be that exons downstream of the 
promoter-IRES cassette may be even overexpressed or expressed ectopically from 
the included ubiquitous promoter/IRES element and could lead to unexpected 
phenotypes. Therefore, the promoter element should be removed using Cre 
rccombinase before generation of a mouse. There may be better solutions to this 
limitation in the future; however currently, the most widely applied technique 
remains splice acceptor trapping using promoter-less constructs (1.7—9). Based on 
the number of genes in public and private databases, it has been estimated that the 
number of genes expressed in ES cells is at least 60% of all genes (10). Initially, 
gene trapping is inexpensive and large numbers of new genes can be retrieved in 
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a screen. However, as the screen progresses, vectors tend to integrate in large, 
expressed multiexon genes. After trapping the estimated number of 40% of all 
mouse genes, the effort to select new genes raises the cost per new mutation for 
random mutagenesis over the cost for gene targeting. A more recent technique, 
which overcomes this limitation, uses the introduction of promoter-less gene trap 
vectors into larger genomic fragments, which sene as homologous arms for gene 
targeting. This technique yields considerably higher homologous recombination 
frequencies as compared with classical gene targeting with promoter-containing 
selection markers (11). The application of this so-called “targeted trapping*’ tech¬ 
nique will allow the mutation of all expressed genes, which arc underrepresented 
or missing in the public libraries. These are namely smaller genes, containing 
only 1-3 exons. 

1.2. Secretory Traps 

The use of more specialized vectors allows to select for specific proteins, for 
example, secreted molecules, transmembrane receptors, or mitochondrially 
imported proteins. This improved trapping technique has initially been demon¬ 
strated by Skames and colleagues (8). but suffered from the use of the trans- 
membrane part of the rat CD4 molecule, which traps also proteins, which do not 
necessarily contain leader peptides. We conclude that the CD4 transmembrane 
part is oriented as a type 2 transmembrane molecule by default (for an overview 
on what determines the orientation of transmembrane molecules see also rtf. 12). 
The use of a human CD2 transmembrane pcptide/nco fusion (Cco: Fig. 2) has 
been shown to be advantageous in trapping only secreted molecules and trans- 
membrane receptors (80% of all traps without any preselection, as compared with 
20% for CD4 after preselection of clones by means of IcicZ patterning; [13/). 
From these data we conclude that the default orientation of the human CD2 trans¬ 
membrane part is a type 2 orientation with the COOH terminus, and thereby the 
neomycin selection cassette outside of the cell or inside the ER lumen (14). 

1.3. Conditional Gene Traps 

Until recently, the major drawback of gene trapping has been that, the ‘‘null’- 
mutations generated by the integration of a gene disruption cassette often result 
in embryonic lethal phenotypes, which precludes the analysis of gene function in 
the adult animal. Therefore, we generated a novel generation of gene trap vectors 
(15). which allow tw*o subsequent inversions of the trapping cassette mediated by 
the rccombinase systems Cre/loxP and FLPe/frt using the recently developed flip- 
excision system (FlEx) for unidirectional recombinase-mcdiated inversions (16). 
Thereby, the mutation brought in by the gene trap can be inactivated by FLPe- 
mediated inversion. Reactivation of the trap using tissue- and time-specific 
inducible Crc-mcdiated rcinversion allows the investigation of specific gene func¬ 
tions in defined tissues at defined time-points of development (Fig. 1). This 
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concept has been successfully adapted to the trapping cassettes (l-galactosidase/ 
ncomycinphosphotransferasc ((l-geo. [I7J) and CD2 antigen/neomycinphospbo- 
transferase (Ceo. /13 ]). Additionally to the invertability, clones carrying condi¬ 
tional gene traps can be postinsertionally modified by rccombinase-mcdiatcd 
cassette exchange (18). Examples include replacing the gene trap cassettes with 
inducible Cre rccombinase genes to expand the Cre-zoo, or point-mutated mini- 
genes to mimic human genetic diseases. Further options arc the induction of gain- 
of-function mutations or the ablation of specific cell lineages by inserting 
gain-of-function cassettes or toxin genes (19). respectively. These gene traps arc 
now in use of the German Gene Trap Consortium and the European Conditional 
Mouse Mutagenesis Project (20). All these publicly available gene trap lines have 
been recently centralized on the International Gene Trap Consortium’s Web page 
(http://www.igtc.ac.org/; 121]). In the following, we will provide protocols about 
the molecular characterization of conditional gene trap clones. 

2. Materials 

1 . IX Trypsin (Invitrogen. Karlsruhe). 

2 . Electroporation cuvet (4 mm gap. BioRad. MUnchen). 

3. Gene pulscr X-ceil; BioRad. 

4. Puromycin (Sigma. Mtlnchcn. P-8833). 

5. Proteinase K (Qiagcn. Hildcn. Germany). 

6 . RNAse A (Sigma R61-48). 

7. Oligos (Invitrogen). 

8 . Taq polymerase (Invitrogen). 

3. Methods 

3.1. Integrity of loxP and Frt Sites 

Before extensive modifications of the ES cell lines as well as canying out 
expensive microinjections into blastocysts one might wash to test the integrity of 
all loxP and frt sites present in the gene trap cassette. Therefore. PCR reactions 
have to be carried out on either side of the gene disruption cassette and sequenced. 

1 . FlipROSAp-gco: 

a. For detection of the 5' loxP and frt sites, pipet a mastermix containing per PCR 
sample 2.5 |iL 10X PCR buffer. 0.75 mL 2 pAf MgCl,. 0.5 pL dNTPs (10 \M 
each). 1 pL SR2 primer. 1 pL B050 primer (Table 1; 10 prool/pL each). 0.5 pL 
Dimethyl sulfoxide, and 0.2 pL Taq polymerase (Invitrogen). For the 3' loxP and 
frt sites pipet the same mastermix using the primers B045 and B048 (Table 1). 

b. Aliquot into PCR tubes, add 2 pL of DNA. and run the following PCR program: 
94 D C for 4 min initial denaturation step. 30 cycles of 94°C for 45 s. 61°C for 45 s. 
and 72°C for 60 s. final elongation step 72 : C for 7 min. 

c. Gel purify the resulting DNA fragments and sequence using the PCR primers. 

2. FlipROSACEO. 
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Table 1 

PCR Primers Used to Identify the Status of FlipROSA Cenetrap Inversions 


Primer name 


Sequence 


B045 


B050 

G001 

G0I3 

1001 

SR2 


5'-CTC CGC CTC CTC TTC CTC CAT C-3' 

5'-TCC CAC TGT CCT TTC CTA ATA A-3' 

S'-TTT GAG GGG ACG ACG ACA GTA T-3* 
5'-CAA GTT GAT GTC CTG ACC CAA G-3' 
5'-TAT CAG GAC ATA GCG TTG GCT ACC CG-3’ 
5'-CGC CTC CTC TTC CTC CAT CC-3' 

5'-GCC AAA CCT ACA GGT GGG GTC TTT-3' 


Follow the protocol described earlier for the FlipROSA(J-gco, but use for the 
5' lox and frt sites the primers SR2 and G01 and for the 3' sites the primers 101 
and G13 (Table 1). The optimal annealing temperature is 57°C. 

3.2. In Vilro Inversion of Gene Disruption Cassette 

To generate conditional alleles from FlipROSA|3-geo or FlipROSACco-trapped 
ES cell lines either in vitro inversions in the ES cell line or in vivo inversions by 
mating mice carrying the trapped allele with FLPc-exprcssing deleter (22) strains 
is possible. For both strategies arguments can be found {see Note 1). Here we 
describe the protocols for in vitro inversions, but we recommend considering the 
possible risk involved. 

3.2.1. Transfection of Recombinase-Expressing Plasmids 

This protocol is used for in vitro inversion of the gene trap cassette using site- 
specific Flpc- or Cre-recombinascs. respectively {see Note 2). 

1. Grow cells to reach 1 x 10 7 cells in log phase of growth. 

2. After 24 h. wash cells with phosphate buffered saline (PBS) and trypsinize with 1 mL 
trypsin (Invitrogen) for 5 min at 37 : C (see Note 3). 

3. Inactivate trypsin with 9 mL ES medium and pipet the suspension using a 10 mL 
pipe! ( 8-10 times) in order to get single cells. 

4. Take an aliquot of 10 pL and count cells in the hacmatocytomctcr (Roth. Karlsruhe). 

5. Centrifuge in 15-mL Falcon tube at 200 g for 5 min at room temperature (RT). 

6. Resuspend the pellet in PBS in a concentration of 1 x 10 7 cells in 900 pL PBS. 

7. Mix 900 pL cell suspension with the DNA <40 pg. circular) and transfer to an elec¬ 
troporation cuvet (4 mm gap; BioRad). 

8. Leave on ice for 5-10 min. 

9. Electroporate using the following conditions: 250 V. 500 pF (Gene pulscr X-ccll; 
BioRad). 

10. After electroporation immediately flick the cuvet to stabilize the pH. 
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11. Place the cuvet on ice. 

12. Transfer the electroporated suspension using 1 mL pipet in a 15-mL Falcon tube con¬ 
taining 9.5 mL ES medium. Total volume is around 10.4 mL. 

13. Distribute the cells in 10-cm culture dishes <1 mL per dish—10 dishes) that arc 
already filled with 10 mL ES medium each. 

14. After 24 h replace the ES medium with one that contains 1 pg/mL puiomycin (Sigma 
P-8833). 

15. Keep the selection for 48 h. without changing the medium. 

16. Remove the selection medium and replace with normal ES medium and change every 
3 d. 10-12 d after electroporation colonies become visible. 

3.2.2. Low-Density Seeding of ES Cells 

In ease selection is not possible or colonies exhibit mosaic genotype, cells have 
to be diluted and seeded onto feeder layers for growing clonal cell colonics. 

1. Proceed as described earlier until step 13. 

2. Let cells grow for 48 h- 

3. Wash cells with PBS and trypsinizc with 1 mL trypsin for 5 min at 37 : C (see Note 3). 

4. Inactivate trypsin with 9 mL ES medium and pipet the suspension using a 10 mL 
pipet ( 8-10 times) in order to get single cells. 

5. Take an aliquot of 10 pL and count cells in the hacmatocytomctcr. 

6. Seed 500 cells onto gelatinized 6-cm dishes containing feeder layers. 

Grow cells for 10-12 d with daily change of medium until colonies reach an 
appropriate size for picking. 

3.2.3. Picking of Colonics 

1. Prepare feeder coated 96-well plates the day before picking. 

2. Picking is carried out in PBS to allow tiypsination. Therefore, aspirate culture 
medium and add ptewarmed PBS. If colonics ftom more than one plate have to be 
picked, process them one by one. If possible colonics should be picked under a lam¬ 
inar flow hood to minimize contaminations (see Note 5). Scrape the colonies from 
the surface of the culture dish using a Pipetman (P200) and sterile tips, and aspirate 
the cell clumps in about 30 pL of PBS. Transfer the cells to a fresh 96-well plate and 
repeat until all colonics arc picked. 

3. Add 30 pL of 2X trypsin solution to each well and incubate until cells can be easily 
dispersed by tapping the plate (see Note 3). Add 100 pL of medium to each well and 
transfer cells onto 96-well plates containing feeder cells. 

4. When cells approach confluence, trypsinizc and expand for freezing and further 
analysis (see Note 4). 

3.3. Determination of Gene Trap Configuration 

Conditional gene trap colonics contain invertible cassettes flanked by two FlEx 
systems using Cre and Pipe recombinascs. respectively (IS). In vitro inversions of 
these cassettes can easily be monitored using a multiplex PCR strategy. 
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3.3.1. Isolation of DNA From ES Coll Colonics 

1. Aspirate off medium from confluent 24-well plates containing the expanded cell cloncs. 

2. Wash carefully with PBS. 

3. Add 400 pL lysis buffer (50 m M Ths/HCl. 1 m M EDTA. 0.1 M NaCl. 0.5% sodium 
dodccyl sulfate. pH 7.5) and incubate for 10 min at room temperature. At this step, 
cells may be frozen and kept on -20"C for up to a month. 

4. Use a pipetman (P1000) and cut pipet tips, scrape off the cells from the wells, and 
pipe! immediately into 1.5-mL microccntrifUgc tubes. 

5. Add 5 pL proteinase K solution (20 mg/mL. Qiagen) and incubate overnight at 
5S-60°C. 

6. Add 75 pL 8 M KAc and 600 pL chloroform and mix carefully without vortexing. 

7. Leave on ice for 30 min. 

8. Centrifuge at 4"C. 13.000? for 5 min. 

9. Tiansfer the upper aqueous phase to a new tube. Be careful not to touch the white pre¬ 
cipitate at the interphase. 

10. Add 1 mL ice-cold ethanol to precipitate the DNA and centrifuge at room tempera¬ 
ture for 10 min 13.000?. 

11. Remove the supernatant w ithout disturbing the DNA pellet 

12. Wash with 200 pL ice-cold 70% ethanol and centrifuge again at room temperature 
13.000? for 10 min. 

13. Remove the supernatant and dry for 10 min in the bench. 

14. Dissolve the DNA in 50-100 pL of purified water containing 100 pg/mL RNAse A 
(Sigma R61-48). 

3.3.2. Multiplex PCR 
3.3.2.1. FuprosaP-Gco 

Monitoring the inversion status of gene trap cassettes requires three primers. 
One primer anneals to a region located downstream of the gene disruption cassette 
outside of the recombinase target sites in antisense direction (B045). The second 
primer binds to the 3' part of the G418 resistance cassette (B048) in sense orien¬ 
tation. A PCR using these two primers will result in a PCR fragment for the 
trapped and the reinverted configuration of the gene trap cassette. The removal 
of recombinase target sites results in differences in sizes of the PCR product. 
The third primer binds to the 5' of the |)-galactosidase eDNA in antisense orienta¬ 
tion (B050). A PCR reaction of B045 and B050 only gives a PCR product in the 
inverted gene trap status (Fig. 1). The same procedure can be used to detect the 
gene trap configuration on the 5' side of the gene trap using the primers 
SR/B048/B050. 

1. Pipet a mastermix containing per PCR sample 2.5 |iL 10X PCR buffer. 0.75 mL 2 pAf 
MgCl 2 . 0.5 pL dNTPs (10 pAf each). 1 pL B045 primer. 1 pL B048 primer. 1 pL 
B050 primer (10 pmol/pL each). 0.5 pL dimethyl sulfoxide, and 0.2 pL Taq poly¬ 
merase (Invitrogen). Put 23 pL per 0.2-mL PCR tube. 
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2 . Add 2 pL of DNA. and run the following PCR program: 94 ”C for 4 min initial denat- 
uration step. 30 cycles of 94°C for 45 s. 61°C for 45 s. and 72°C for 60 s. final elon¬ 
gation step 72'C for 7 min. 

Load samples onto 1.5% agarose gels. Expected sizes are: 652 bp for the trapped 
configuration. 782 bp inverted and 518 bp for reinverted gene trap cassettes. 

3.3.2.2. FlIPROSACEO 

Essentially, the procedure is the same as described earlier for FlipROSAjS-geo. 
except that different primers have to be used and the PCR protocol differs slightly. 
The primer 1001 binds to the region downstream of the gene disruption cassette 
in antisense orientation, GOO binds to the 3' part of the neomycin resistance cas¬ 
sette in sense orientation, and G001 binds to the 5' part of the CD2 sequence in 
antisense orientation (Fig. 2). 

All these PCR reactions can be carried out as multiplex PCR under the same 
reaction conditions. Thereby, the detection of mixed clones can be facilitated. 

4. Notes 

1 . The in vitro inversion of the gene trap cassette requires additional manipulation of the 
ES cell line and thereby might affect gcrmlinc transmission capacity but in cases of 
essential X-chromosomal genes or mutations leading to haploinsufficicncy. the gen¬ 
eration of mouse lines containing the mutation may be otherwise impossible. In vivo 
inversion by mating to deleter strains is time consuming, as it requires two more gen¬ 
erations of mouse breeding and may further dilute possible phenotypes on undcsircd 
genetic backgrounds. 

2 . For higher efficiency of recombination (or reducing work load) the rccombinascs arc 
bicistronically expressed with puromycin-rcsistancc gene (pac) under the control of 
the CAGGs promoter <23). Thereby, transient selection for 48 h can be used to reduce 
background level (24). A similar vector for Crc rccombinasc (pCAGGs-Cre-IRES- 
puro-pA) is available. 

3. Extensive trypsination is detrimental to ES cells. Cells should be watched carefully 
during trypsination. and trypsin activity should be blocked immediately after cells 
become detached from the plastic surface. 

4. In cases where a selection cassette has been inverted, screening colonics for antibi¬ 
otic sensitivity is possible. For this reason make duplicates. One plate will grow in 
normal medium and the second in medium containing antibiotic for which the cells 
should have the selection marker inactivated. Colonies that grow in normal medium 
but die in antibiotic-containing medium have been efficiently recombined. We do not 
advise screening for loss of p-gal activity, as false-negative clones could be selected 
owing to low dosage of lacZ expression. 

5. Colonics normally differ in size, probably owing to the level of expression of the 
resistance cassette. In order to obtain homogenously grown cell cultures during 
expansion, colonics of similar sizes should be picked into one 96-wcll plate. But to 
reach a larger target of trapped genes, colonics of different sizes should be picked but 
processed separately. 
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Summary 

initrtlonj] mutagenesis tan be achieved by a varleiy of approaches. Including both random and 
targeted methods. In contrast (o chemical mutagenesis, intertioml mutagens ptov«le a molecular tag. 
thereby allowing raped identification ol the mutated genomic region. Integration into delined 
geoocuc locations has great utility for both gene insertiem and mutagenesis. Our laboratories have 
explored targeted integraticei through the use of transposases coupled to defined DNA-binding 
domains. This technology holds great promise for targeted insertional mutageoesis by biasing mte- 
graticri events to regions recognized by the chosen DNA-binding domain Herein, we provide a brief 
background on targeted transpose® integration and detailed protocols for testing diimenc trans- 
posases in both mammalian cell culture and Insect embryos. 

Key Words: Cell culture: ehunenc (ransposascs. DNA-binding domain; Gal4-UAS; pi^yBac. 
insertional mutagenesis. 

1. Introduction 

Class II transposable elements have been utilized to modify the genomes of a 
variety of organisms. These transposons move by a simple cut and paste mech¬ 
anism. rather than copy and paste as in the case of rctrotransposons. For example, 
the Tcl/mariner elements have been successfully used as transgene vectors in bac¬ 
teria, protozoa, flics, mosquitoes, and vertebrates. Additionally, transgenic animals 
have been produced with bolh prokaryotic and eukaryotic transposons. For exam¬ 
ple. Moisyadi et al. were able to produce transgenic mice with Tn5, a prokaryotic 
transposon, through intracytoplasmic sperm injection (I). We have recently demon¬ 
strated that piggyBac integrates in a variety of mammalian cell lines with efficien¬ 
cies far superior than the hyperactive version of Sleeping Beauty (2). However, 
transposons integrate nonspcctficaUy. thus potentially resulting in untoward 
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sequelae such as decreased fitness of the organism. This nonspecific integration is 
problematic for gene therapy and for transgenesis: however, it is advantageous for 
applications such as msertional mutagenesis. 

Transposons mobilized from the genome preferentially integrate (50—80%) at 
loci closely linked to the donor site, thus resulting in region-specific mutagenesis 
(3). For other applications, it would be useful to target integration to allow for site- 
directed insertional mutagenesis and also to lessen the frequency of regional integra¬ 
tion if the transposon is mobilized from the genome. Over the past several years, 
we have developed methods that may allow the use of Class II transposons as tools 
for targeted inseitional mutagenesis. 

By coupling a DNA-binding domain (DBD) to the transposase. it was suggested 
that integration could be directed to specific regions of the genome <4). Wilson 
et al. (5) demonstrated that a zinc finger DBD could be fused to the Sleeping Beauty 
transposase; however, this addition unfortunately resulted in a marked reduction in 
transposition activity. In contrast, we have demonstrated that the 
use of the piggyBac transposase coupled to the GALA DBD (GAlA-piggyBac) 
resulted in augmented and site-directed integration as compared with controls in 
plasmid-based assays in mosquito embryos (6). We have since verified that the 
GALA- piggyBac transposase is aLso active in human embryonic kidney cells 
(HEK293). whereas maintaining transpositional activity as compared with the wild- 
type. i.e.. nonnuxbfied transposase (2). It is also plausible that there will be increased 
transpositional activity when using a chimeric transposase as compared w ith the w'ikl- 
type if the cell contains the DNA sequence recognized by the DBD of the chimera, 
as demonstrated in the plasmid assay system in mosquito embryos (6). 

Herein, we provide protocols for targeted transposon integration in both mam¬ 
malian cell lines and insects. These protocols can be easily adapted for the pur¬ 
poses of targeted insertional mutagenesis. 

2. Materials 

2.1. Plasmid Construction 

1 . Oligonucleotide primers (Opcron Biotechnologies. Huntsville AL) are dissolved in 
water to a final concentration of 100 pA# and stored at -20°C. The working concen¬ 
tration is 10 pA/. 

2 . Taq DNA polymerase (Stratagcnc. La Jolla. CA) is supplied with a 10X buffer (see 
Note 1). 

3. dNTP mixture (2.5 mAf for c*h nucleotide) (Roche Diagnostics. Indianapolis. Indiana). 

4. Polymerase chain reaction (PCR) purification kit (Qiagcn. Valencia. CA). 

5. TYansposasc template (10 ng/pL. see Note 2). 

6 . Expression vector (see Note 3). 

7. Restriction enzymes, supplied with 10X buffer (NEB. Beverly, MA). 

8 . T4 DNA ligase (NEB). 

9. Competant cells (Stratagcnc). 
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10. Escherichia coll culture media (Luria-Bettani [LB] medium). 

11. Maxi-prep DNA kit (Promega. Madison. WI) (see Note 4). 

2.2. Excision Assay 

1. Hitt lysis solution (IX): 10 m M Tns-HCl. pH 7.5 .10 mUEDTA. pH 7.5.0.6* (w/v) 
sodium dodccyl sulfate (SDS). Store at room temperature. 

2. 5 M NaCl (Fisher Scientific. Suwancc. Georgia). 

3. Rubber policeman (GSC International. West Melbourne. FL). 

4. Proteinase K (20 mg/mL) (Ambion. Austin. TX). Store at -20 ,, C. The working con¬ 
centration is 100 pg/mL. 

5. Saturated phenol and phcnol/chlaroformfisoamyl alcohol (Invitrogcn, Carlsbad. CA). 

2.3. Transposition Assay 

1. Hygromycin (Mediatcch. Herndon. Virginia). 

2. Modified eagle’s medium (MEM>a medium. (HyQooc. Logan, Utah) supplemented 
with 5* fetal bovine serum ([FBS], HyClonc). 

3. FuGenc 6 transfection reagent (Roche Diagnostics). 

4. Phosphate-buffered saline (PBS) (IX): 137 mM NaCl. 2.7 m M KC1. 10 mW 
Na,HP0 4 . 2 m M KH,PO t . Store at room temperature. 

Dissolve 8 g of NaCl. 0.2 g of KG. 1.44 g of Na^HPO,. and 0.24 g of KHF0 4 in 800 
mL of water. Adjust pH to 7.4 with HG. Add water to 1 L. Autoclave and store in 
aliquots at room temperature. 

5. Solution of trypsin (0.05*) (HyGonc). Store at -20 , C. 

6. Solution of paraformaldehyde (Fisher Scientific): 4* (w/v) in IX PBS. 

Dissolve 2 g of paraformaldehyde in 40 mL of IX PBS (pH 7.4). Add 
0.5 mL of 1 N NaOH. Heat the solution in 80"C water bath with agitation until the 
paraformaldehyde is completely dissolved. Add 0.5 mL of 1 A' HG and add to 50 mL 
with IX PBS (pH 7.4). Immediately freeze in single use (50 mL) aliquots at -20'C. 

7. Methylene blue (ACROS/Fishcr Scientific) solution: 0.2* (w/v) of methylene blue 
in water. Store at room temperature. 

2.4. Plasmid Rescue 

1. Goning cylinders (Bel-art Products. Pcquannock. NJ). 

2. DNeasy kit (Qiagen). 

3. Phenol/chloroform/isoamylalcohol solution (Invitrogcn). 

4. 100* Ethanol (Fisher Scientific). 

5. 3 M Sodium acetate (pH 5.2) (Fisher Scientific). 

Dissolve 408.3 g of sodium acetate in 800 mL of water. Adjust the pH to 5.2 

with glacial acetic acid. Adjust the volume to 1 L with water. Autoclave and store 

at room temperature. 

1. Mini-prep DNA Kit (Promega). 

2. DNA sequencing. 
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ABI 3730 XL 96-capillary sequencer (Applied Biosystem. Foster City, CA). 
ABl's Big Dye Terminator 3.1. kit (Applied Biosystem). 

The following programs were used to edit/view/print the sequence profiles: 
Edit View for Mac: http://www.applicdbiosystems.com/support/softwarey 
dnaseq/installs.cfm or Finch Trace View for Windows or Mac OS X and 
Rcdhat/SuSE Linux: http://www.geospiza.com/finchlv/. For PC. use Chromas. 
this can be downloaded from: http://www.tcchnclysium.com.au/chromasl4x. 
htmlS. 

2.5. Embryo Injections and Transposition Assays 

1. 100‘S Ethanol. 

2. 3 A/ Sodium acetate pH 5.2. 

3. Plasmid injection buffer: 5 mAi KC1.0.1 mA/ sodium phosphate pH 6.8. 

4. Water saturated halocarbon oil 700 (Halocaibon Products Corp. River Edge. NJ). 

5. Grind buffer: 0.5% SDS. 0.08 A/ NaCl. 0.16 M sucrose. 0.06 A/ EDTA. 0.12 M Tris- 
HC1. pH 9.0. 

6. Disposable plastic pestles for microfugc tubes. 

7. 8 A/ Potassium acetate. 

8. 95% and 70% ethanol. 

9. TE buffer: 10 mA/ Tris-HCl pH 8.0, 1 mA/ EDTA. 

10. ElectroMAX DH1O0 cells (Invitrogen). 

11. Super optimal broth with catabolitc repression (SOC) medium: 0.5% yeast extract. 2% 
tryptone, 10 mM Nad. 2.5 mA/ KQ. 10 mA/ MgCl,. 10 mA/ MgSO t ; stcriizc by aut- 
loclaving: add filter-sterilized glucose to 20 m M. 

12. LB (per litre): 10 g tryptonc. 5 g yeast extract. 5 g NaCl. 1 mL 1 jV NaOH. 15 g agar, 
sterilize by autoclaving. + ampicillin (100 pg/mL) plates. 

13. LB (per litre): 10 g tryptone. 5 g yeast extract. 5 g NaCl. 1 mL 1 N NaOH. 15 g agar, 
sterilize by autoclaving. (kanamycin (25 pg/mL) ♦ chloramphenicol (10 pg/mL) plates. 

14. Mini-prep plasmid DNA preparation kit (Promcga). 

3. Methods 

Mammalian cell culture and insect embryo assays provide rapid means to test 
the transpositional activities and mseitional preferences of modified transposons. 
In both cases multiple plasmid constructs can be introduced and transposase 
activity measured. Excision assays can be utilized to ensure that the transposase 
is being expressed at suitable levels and is catalyzing the first step of the “cut and 
paste” process; excision of the transposon construct from the donor plasmid. 
Transposition assays can be utilized to quantify transpositional activity and can 
either be used as plasmid-to-plasmid or plasmid-to-chromosome mobilization 
assays. The assays described in Subheadings 3.2. and 3.3. are plasmid-to-chro- 
mosome assays in mammalian cell culture and plasmid-to-plasmid assays in 
insect embryos. The main advantages of the plasmid-to-plasmid assays are that 
they can be performed rapidly and importantly, they can also be utilized to con¬ 
firm DBD-target sequence interactions without a need to have the specific target 
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already localed on a chromosome. The plasmid-to-plasmid assays can also be per¬ 
formed in mammalian cell culture. 

3.1. Plasmid Construction 

1. The Gal4 DNA-binding domain was PCR amplified (example amplification condi¬ 
tions shown below) from the pAS 1-2 plasmid (Clontceh. CA) using primers that incor¬ 
porated SocII restriction enzyme recognition sites, a nuclear localization signal (NLS). 
and a flexible linker sequence. A consensus NLS (TPPKKKRKVED) < 7 ’) was incor¬ 
porated upstream of the Gal4 DBD as pan of the PCR forward primer (5‘- 
CCGCGGATGACCCCCCCCAAGAAGAAGCGCAAGGTGGAGGACggaatgaagct 
actgtcttctatc-3'). The Sacll site is underlined and the Gal4 DBD—specific 
sequences—are shown in lower case. A flexible linker (KLGGGAPAVGGGPK) ( 7 ) 
was inserted between the Gal4 DBD and the transposasc by incorporation of the linker 
sequence in the reverse PCR primer (5’- CCGCGGC CIIGGGGCCGCCG 
CCCACGGCGGGGGCGCCGCCGCCCAACTTcgatacagtcaactgtctttg-3’). The Suefl 
site is underlined and the Gal4 DBD-spccific sequences arc shown in lower case (tee 
Note 1). The amplified Gal4 DBD was cloned into a piggyBot helper plasmid (plEl- 
3-pB-ORF) at the Snell site between the hr5-lEl enhancer-promoter and the piggyBae 
transposasc to form plEl-Gal4-pB (Fig. 1) (6). This transposasc plasmid was used in 
all insect embryo assays. 

2. A transposasc expression plasmid for mammalian cell culture experiments (Fig. 2) was 
produced using the plEl-Gal4-pB plasmid as a template for a PCR amplification using 
the following primers—<1) gatcgaattcaccATGACCCCCCCCAAGAAG.AAGC and (2) 
CTCTAATAGTCCTCTGTGGC. with the amplified product being cloned into the 
expression vector, pc DN.A3.1 &oco-i>iggyB<ii (see Notes 2 and 3). 

3. The PCR amplification conditions were as follows: 


Template (10 ng/uL) 

lpL 

Primcrl (lOpAf) 

IpL 

Primcr2 (10 pM) 

IpL 

Taq polymerase 

0.5 pL 

10X buffer 

5 pL 

dNTP (2.5 raW) 

IpL 

dH,0 

41 pL 

Total 

50 mL 


Step 1 

94'C for 2 min 

Step 2 

94*C for 30 s 

Step 3 

55*C for 45 s 

Step 4 

72’C for 1 min 

Step 5 

Go to step 2 for 29 times 

Step 6 

72'C for 20 min 

Step 7 

Maintain reaction at 4°C 


4. The PCR product was purified using the Qiagen PCR purification kit and then sub¬ 
jected to restriction enzyme digestion as follows: 
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Rg. 1. GaI4 DNA-binding domain (DBD >—plggyBac transposasc helper plasmid for 
insect cells. This plasmid provides a source of the chimeric transposasc by utilizing the Hr3- 
cnhanccr-IEl-promoter regulatory sequences, which result in high levels of transcription in 
insect cells. A nuclear localization signal (NLS) was included to maximize transport of the 
transposasc to the nucleus of the cells and a flexible linker sequence was incorporated to allow 
correct folding of both the Gal4 DBD and the plggyBac transposasc. 


DNA (1 pg) 
Enzyme 
Buffer (10X) 
ddH,0 
Total 


XpL 
2pL 
5 1‘1- 
Add to 50 pL 
50 pL 


Incubate at 37°C for 2 h. Run the digested DNA on a 1% agarose gel (IX TAE). 
Purify the DNA fragment by following the provided protocol from the DNA purifi¬ 
cation Kit (Mol Bio lab. Inc; Carlsbad. CA). 

5. The ligation reaction was performed as follows: 


Digested vector (50 ng/pL) 

IpL 

PCR product (10 ng/pL) 

IpL 

10X buffer 

IpL 

T4 DNA ligase 

IpL 

ddHjO 

6 pL 

Total 

10 pL 


Incubate at 16’C overnight. 
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6278 5418 



5’.. ICG aag ttg ggc ggcggcgcc cccgcc gig ggc ggc ggc ox e»g gcc gcg gat aaa ArG .S' 
(GAL4DDD) lMWy«i»ci 


Fig. 2. GaM DNA-binding domain (DBD )—plggyBoc transposasc helper plasmid for 
mammalian cells. This plasmid provides a source of the chimeric transposasc by utiliz¬ 
ing the cytomegalovirus (CMV) promoter, which results in high levels of transcription in 
mammalian cells. A flexible linker sequence was incorporated to allow correct folding of 
both the GaM DBD and the piggyBac transposasc. 


6. Bacterial competent cell transformation was performed as follows: 

a. Add the ligation reaction to 50 pL of competent cell and incubate on ice for 
30 min. 

b. Heat shock at 42°C for 1 min and stand on ice for 1 min. 

c. Add LB and culture at 37°C for 1 h. 

d. Spread the transformed bacteria onto selection plates, 
c. Incubate at 37°C overnight. 

7. Plasmid DMA was isolated from individual clones and the construct was verified by 
automatic DNA sequencing. 

8. Large-scale preparation of plasmid DNA constructs was performed using the Endo¬ 
toxin Free Maxi-prep kit (Promega). 

3.2. Excision Assay 

1. Day 1: preparation of cells for transfection. 

Seed 1 x 10* of HEK293 cells onto the 60-mm plate with 5 mL of MEM containing 
lO'ifc FBS around 2:00 PM. 

2. Day 2: start the transfection procedure at 9:00 am the next day. 

3. 6 pL of FuGcnc 6 (Roche) and 194 pL of MEM are added to a sterile 1.5-mL 
Eppendorf tube. 

4. Flick tube to mix and let it stand at room temperature for 5 min. 
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5. The 200 |iL is then added to each DNA sample (1 pg of donor + 1 pg of helper). 

6. Flick tube to mix and let it stand at room temperature for 20 min. 

7. Remove 4 mL of medium from each well; therefore, each well should contain about 
1 mL of medium. 

8. Dropwise add the complex mixture from step 3 (ix.. 200 pL of DNA/MEM/FuGenc) 
to each well and swirl to ensure even dispersal. 

9. Return cells to a 37°C humidified incubator with an atmosphere of 5% CO ? . 

10. Day 5: plasmid extraction using Hirt method. 

11. Rinse the 60-mm plates once with ice-cold PBS. 

12. Cells arc lysed by adding 200 pL of Hitt solution consisting of 10 mMTris. 10 nM 
EDTA (pH 7.5). and 0.6% SDS. 

13. Following incubation for 10 min at room temperature. 10 pL of 5 M NaCl are added 
and the plates rocked gently for 2 min. 

14. The cell lysate is scraped from the plate with a rubber policeman, transferred to a 
1.5-mL of Eppendorf tube, and then incubated overnight at 4*C. 

15. .After ccotrifugation at 4’C for 40 min. the pellet is discarded and 25 pg of proteinase K 
(34 U/mg protein) is added to the supernatant and incubated at 37°C for 1 h. 

16. LMW DNA is extracted twice with saturate phenol and once with chloroformfisoamyl 
akohoL 

17. Plasmids arc precipitated at -80°C for 30 min by adding 2 vol of ethanol and cen¬ 
trifuged at 13.000 rpm for 15 min at 4"C. 

18. The pellet is washed with 70% ethanol and centrifuged for 5 min at 13.000 rpm. 

19. The pellet is dissolved in 20 pL of water. 

20. Design two pairs of primers positioned at approx 500 bp outside the putative 
excision site (c.g., primer pair 1 and 2 and primer pair 3 and 4). 

21. PCR reaction conditions. 


Template (from Hirt extraction) 

lpL 

Primer 1 (10 pAf) 

lpL 

Primer 2 (10 pAf) 

lpL 

Taq polymerase 

0.5 pL 

(Stratagcnc: no. 600132-81) 


10X buffer (supplied with Taq) 

5 pL 

dNTP (2.5 mV) 

1 

dH,0 

41 pL 

Total 

50 pL 


Step 1 

94”Cfor2 min 

Step 2 

94°C for 30 s 

Step 3 

55 0 C for 45 s 

Step 4 

72°C for 1 min 

Step 5 

Go to step 2 for 29 times 

Step 6 

72°C for 20 min 

Step 7 

Maintain reaction at 4'C 






Slops Toward Targeted Insertional Mutagenesis 


147 


22. Perform a 1-50 dilution of the la round of PCR product with water and use 1 pL to 
perform the 2nd round of PCR with the same reaction mixture (except primer 3 and 
4) and PCR condition. 

23. Second round PCR reaction conditions. 


Template (1:50 dilution from 1st PCR) 

lpL 

Primer 3 (10 pAf) 

lpL 

Primer 4 (10 pAf) 

lpL 

Toq polymerase 

0.5 pL 

(Stratagcnc: no. 600132-81) 


10X buffer (supplied with Taq) 

5 pL 

dNTP (2.5 mAf) 

1 

dH,0 

41 pL 

Total 

50 pL 


Step 1 

94*C for 2 min 

Step 2 

94*C for 30 s 

Step 3 

55*C for 45 s 

Step 4 

72'C for 1 min 

Step 5 

Go to step 2 for 29 times 

Step 6 

72'C for 20 min 

Step 7 

Maintain reaction at 4 , C 


24. Run the PCR products on the 1% agarose gel in IX TAE buffer. 

3.3. Transposition Assay and Plasmid Rescue 

1. Mammalian cells lines arc maintained in MEM-a medium (Hyclonc) containing 5% 
FBS (Hyclonc) at 37°C in a humidified incubator with an atmosphere of 5% C0 2 . 

2. Day 1: seed 1 * 10 5 cclls/wcll into individual wells of a (24-well plate) containing 
500 pL medium. 

3. Day 2: performing transfection using a total 400 ng of pcDN'A3.1ANco. helper and 
donor. The cells should be approx. 75% confluent at the time of transfection. 

4. 1 pL of FuGcnc 6 (Roche) and 19 pL of MEM arc aided to a sterile 1.5-mL 
Eppendorf tube. 

5. Flick tube to mix and let stand at room temperature for 5 min. 

6. The 20 pL is then added to each DN'A sample. 

7. Flick tube to mix and let stand at room temperature for 20 min. 

8. Remove 300 pL of medium from each well: therefore, each well should contain about 
200 pL of medium. 

9. Drop wise add the complex mixture from step 3 (i.c.. 20 pL of DNA/MEM/FuGcnc) 
to each well and swirl to ensure even dispersal- 

10. Return cells to a 37°C humidified incubator with an atmosphere of 5% C0 2 . 

11. Day 3: plating cells on hygromycin plates 18 h after transfection. 

12. Aspirate off spent media and discard. 

13. Add 1 mL of PBS. being careful not to disturb the monolayer and gently rock back 
and forth. Remove PBS and discard. 
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14. Add 300 pL of trypsin to each well and rock the plate to ensure the entire monolayer 
is covered with trypsin solution. 

15. Incubate until the cells begin to detach. 

16. Add cells from each well to individual 1.5-mL Eppendorf tubes containing 700 pL 
of MEM-a medium containing 10% FCS for a total of 1 mL. 

17. Take 100 pL from step 5. i.c.. I/10th of the solution containing the cells, and add it to 
100-mm plates (MEM/5%FCS + hygxomycin). and evenly disperse by pipeting. The 
concentrations of hygromycin B used in HcLa. HEK293. HI299. and Chinese ham¬ 
ster ovary cells arc 200. 100. 400. and 400 pg/mL. respectively. 

18. Day 17: counting clones. 

19. To count the clones, cells arc fixed with PBS containing 4% paraformaldehyde for 
10 min. 

20. Stain fixed cells with 0.2% methylene blue for 1 h. 

21. After 14 d of hygromycin selection, only colonics larger than 0.5 mm in diameter arc 
counted. 

3.4. Plasmid Rescue Procedure 

1. Eighteen hours after transfection, one fiftieth of cells from individual wells (24-wells 
plate) arc seeded onto each 150-mm plate with 20 mL of a-MEM medium con¬ 
taining 5% FBS and hygromycin. The concentrations of hygromycin B used in 
HcLa. HEK293. HI299. and Chinese hamster ovary cells are 200. 100. 400. and 
400 pg/mL. respectively. 

2. Day 15: isolate individual clones. 

3. Fourteen days after transfection, remove the medium and rinse each plate once with 
20 mL of PBS and then remove PBS by aspiration. Individual hygromycin-rcsistant 
clones arc isolated using cloning cylinder (Bel-art products no. 378470203) by placing 
each clone within the cylindcr 

4. Add 20 pL of trypsin to each cylinder and incubate for 2 min. 

5. Cells from each cylinder arc transferred into individual wells (96-w ell plate) con¬ 
taining 180 pL of MEM/5% FBS/hygromycin. 

6. Expand cells by gradually transferring to a larger well (i.c.. 48-well. 24-well 12-well 
6-well, 60 mm, and 103-mm plate) once cells reach 100% conflucncy on plates. 

7. One to two months: isolate genomic DMA. 

8. Harvest cells once the cells reach 100% of conflucncy on 100-mm plate. It takes 
about 1-2 mo. to reach this point from a single colony. 

9. DNA of individual hygromycin-rcsistant clones is isolated using DNeasy kit from 
Qiagen. Follow detailed instructions described in DNeasy Tissue Handbook. 

10. 5 pg of genomic DNA is digested overnight with appropriate restriction enzymes. 
Xhol (100 U per digestion) is used for retrieving genomic information adjacent to one 
end of the piggy Bac inverted repeat in 100 pL of reaction solution. 

11. Stop the enzyme reaction with phcnol/chloroform exaction (100 pL of phenol/ chlo¬ 
roform) once. 

12. Precipitate DNA with 250 pL of 100% ETOH and 10 pL of 3 M NaOAC (incubate 
at -20’C for 2 h or at -SO’C for 20 min). Make sure to mix the mixture well before 
incubation. 
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13. After ccntriftiging al 13.000 ipm for 20 min. ihc pellet is dissolved in 25 pL of water. 

14. 2.5 pL of ligasc (NEB M0202) and 2.5 pL of 10X ligation buffer are added to the 
25 |iL of DNA from step 5. Incubate the reaction at 16'C overnight 

15. 30 pL of ligation reaction is transformed into 200 |iL of ultracompctcnt cells 
(Stratagcnc 200150) following the Stratagenc protocol. 

16. For sequencing, individual plasmids rescued arc isolated using plasmid purification 
kit (Promega A7640). Primer for sequencing: GTCCTGTCGGGTTTCGC. 

3.5. Embryo Injections and Transposition Assays 

1. Combine the pIEl-GaI4-pB helper (0.25 pg/pL). pB(KOa) donor (0.25 pg/pL). and 
pGDVl-UAS target (0.5 pg/pL) plasmids (6) and precipitate with l/10th vol of 3 Af 
sodium acetate pH 5.2 and 2 sol 100'S ethanol. 

2. Wash DNA pellet with 70% ethanol and air-dry. 

3. Resuspend DNA pellet in injection buffer at a concentration up to 1 mg/mL 
(see Note 5). 

4. In a cotton plugged vial, place absorbent cotton, add water and a round egg collecting 
paper (Whatman 3 MM) on top of the wet absorbent cotton. 

5. Add six blood-fed females to the vial and keep in the dark for 40 min. 

6. Keep looking for white eggs every 5 min after 40 min and remove light-gray eggs and 
align on filter paper with posterior (thin) ends facing one direction. 

7. Once the eggs arc all aligned, remove all moisture from the paper by placing dry 
paper around eggs and rubbing with finger to wick moisture away. 

8. Use a cover slip holding a slice of double-sided sticky tape to press down on the eggs 
and lift off paper. 

9. Desiccate in air until a couple of "dimples'' appear on the egg's surface (see Note 6). 

10. Immediately cover eggs with halocarbon oil. inject as soon as possible (see Note 7). 

11. Allow eggs to recover for 20 min and then remove excess oil. gently remove eggs 
onto wet filter paper, maintain moisture, and keep overnight at 25'C. 

12 Transfer embryos to a microfugc tube, add 100 pL of grind buffer, and homogenize 
with disposable plastic pestle. 

13. Wash pestle into tube with an additional 20 pL and incubate at 65'C for 30 min. 

14. Add 14 pL of 8 M potassium acetate and place on ice for 30 min. 

15. Centrifuge at full speed for 10 min at room temperature. 

16. Carefully remove supernatant and transfer to a fresh microfugc tube, taking note of 
the approximate volume. 

17. Add 2 vol of 95% ethanol, mix by gently inverting tube and place at room tempera¬ 
ture for 2 min. 

18. Centrifuge at full speed for 10 min at room temperature. 

19. Discard supernatant and wash pellet in 70% ethanol. 

20. Spin as above, carefully remove supernatant and air-dry pellet. 

21. Resuspend pellet in an appropriate volume of TE buffer. 3 pL of buffer is used per 30 
embryos. 

22. Electroporate 1 pL of plasmid rescue DNA into DH10B cells (see Note 8). 

23. Add 1 mL of SOC media and recover with shaking at 250 rpm for I h. 
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Plate 5 (iL on a LB + ampicillin plate to determine the recovery of donor plasmids. 
Spin down the remaining celts at 50CO rpm and discard all but 100 |iL of SOC media. 
Resuspend the cells in the remaining SOC and plate on a LB + kanamycin + chlo¬ 
ramphenicol plate to recover transposition products. 

27. Plasmid DNA is prepared by the Promega mini-prep kit and sequencing performed 
with the following primer: GTCCTGTCGGGTnCGC. 

28. Transformation frequency is calculated as the number of transpositions recovered per 
donor plasmid recovered. 

4. Notes 

1. Because of the long lengths of these oligonucleotide primers, they were purified by 
polyacrylamide gel electrophoresis to ensure that full-length primers were being uti¬ 
lized. and thus, maintaining the correct reading frame for the DBD-transposasc 
fusions, including the NLS and linker. 

2. The Gal4 DNA-binding domain was PCR amplified from pIEl-Gal4-pB <6) 
followed by £coRI and SexAI digestion. The resulting fragment was then cloned into 
the EcoRI and StiAI sites of pcDNA3.1 ANco-ptggyBac (2). 

3. pcDNA3.1ANco was obtained by deleting the Niil and Bsml fragment of 
pcDNA3.1(+) (Invitrogen) to remove the most of the Neo coding sequence. The ends 
of the resulting fragment were blunted with T4 DNA polymerase followed by self¬ 
ligation using T4 DNA ligase. The wild-type piggyBac expression plasmid. 
pcDNA3ANco-piggyBac. for mammalian cell culture was produced by cloning the 
piggyBac coding sequence, obtained from the SacII and BumHI fragment of P1E3- 
pigORF. into the EcoRV site of pcDNA3.1ANco (2). 

4. Plasmids prepared for microinjection into insect embryos have traditionally been 
prepared by utilizing two rounds of CsCl centrifugation and banding to ensure the 
highest purity. However, several laboratories have reported successful insect trans¬ 
formation experiments utilizing plasmid DNA that was prepared using commer¬ 
cial kits that produce endotoxin-free DNA. 

5. DNA concentrations above 1 mg/mL can result in more frequent clogging of the 
microinjcction needle and another important consideration is that it has been demon¬ 
strated that some transposascs suffer from overproduction inhibition and as such may 
actually be more active at lower concentrations. 

6. Dessication time and conditions will be spccics-spccific. Some insect embryos will 
survive once dcchorionated (manual removal on double-sided sticky tape or mild 
bleach treatment), which makes for easier injections whereas other species like mos¬ 
quitoes will not survive dcchorionation. Some species can be dcssicatcd in air on the 
bench whereas others will require placement in a dessication chamber with a mois¬ 
ture-absorbing compound. 

7. Injection techniques and volumes are insect-specific. Manual injections with a large 
syringe can be used to generate the pressure to drive DNA solutions out of a needle or 
automated microinjcction systems arc often used. The corresponding pressure and time 
of injection vary for each species and even with the degree of dessication. 

8. Electorporation parameters equivalent to 2.5 kV. 200 Q with a 2-mm cuvet gap. 
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Targeting Integration of the Saccharomyces 
Ty5 Retrotransposon 

Troy L. Brady, Clarice L. Schmidt, and Daniel F. Voytas 


Summary 

Many relrouanspoKins and rettovinue* display integration sale specificity. Increasingly, ibis 
specificity is found to result from recognition by the retxoeleinent of specific chromatin states or 
DNA-bound protein complexes. A well-studied example of such a targeted retroelemeot is the 
Saccharomycts TyS retrotransposoo. which integrates into heterochromatin at the telomeres and 
silent mating loci. Targeting Is mediated by an interaction between Ty5 integrate (IN) and the het¬ 
erochromatin protein silent information regulator 4 <Su4). A small motil of IN. called the targeting 
domain, is responsible lor this interactic®. T>'5 integrafioo can be directed to DNA sites outside of 
heterochromitin by tethering Su4 to ectopic locations usmg lussoo proteins between Su4 and a DNA- 
brnding domain. Alternatively, the targeting domain of Ty5 can be swapped with peptides that 
recognize other protein partners, thereby generating Ty5 elements with new target specificities. The 
mechanism of TV5 target site choice suggests that integration specificity ol other retrotranaposona 
and retroviruses can be altered by engineering integruses to recognize DNA-bound peotein partners. 
RetroelemeotS can also be used to peobe chromatin dynamics and the distribution of protein com¬ 
plexes on chromosomes. Here, we describe the basic assay by which Ty5 integration is monitored 
to sites of tethered Su4. 

Key Words: Chromatin; integration; integrase; retrotransposon; retrovirus; specificity. 


1. Introduction 

Rctrotransposons and retroviruses are abundant components of eukaryotic 
genomes (I). Rclroclcmcnts replicate by copying mRNA into cDNA and then 
inserting the cDNA into the host genome using an element-encoded integrase (IN). 
Insertion sites for many retroelements are not distributed randomly along chromo¬ 
somes (2). Although numerous forces, including selection and recombination, can 
influence retroeiement distribution patterns, targeted integration is emerging as an 
important underlying force (3). Retroeiement target site choice can be influenced 
by specific types of chromatin or DNA-bound protein complexes. For example. 
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the Sciccharomyces cerevisiae TV 1 and Ty3 relrotransposons integrate upstream of 
sites of RNA polymerase III transcription (4.5). For both of these elements, the 
occupancy of target sites by RNA polymerase III is required for integration speci¬ 
ficity. suggesting they recognize polymerase directly, as appears to be the case for 
Ty3 (6). or some chromatin feature associated with RNA polymerase III transcrip¬ 
tion (7). Chromatin or DNA-bound protein complexes also appear to play a role 
in retroviral target specificity. HIV. for example, integrates preferentially near 
actively transcribed genes, and murine leukemia virus (MLV) insertions arc 
biased toward promoter regions (8.9). HIV IN interacts with a specific DNA- 
bound protein—namely, lens epithelium-derived growth factor (LEDGF)—and 
this interaction is critical for determining HIV integration sites. (10.11). 

An important model for understanding mechanisms of retroclement target site 
choice is the Saccharomyces retrotransposon Ty5. Ty5*s preferred target site is 
hcterochromatin: about 90% of de novo 1^*5 transposition events occur in hete¬ 
rochromatin at the telomeres or silent mating loci (HML and HMR) (12-14). TyS IN 
determines target site choice through a small motif at the C-terminus (the targeting 
domain. TD). and single amino acid substitutions within TD randomize Ty5 inte¬ 
gration patterns (15.16). TD interacts with a protein component of hcterochromatin. 
namely, silent information regulator 4 (Sir4) (15.17). This interaction tethers the 
integration complex to target sites, and the TD/Sir4 interaction is necessary and 
sufficient for target specificity (17). TyS target site choice can be altered by swapping 
TD with short peptides that recognize other protein partners. Such engineered TyS 
elements exhibit new target specificities and integrate at sites to which the protein 
partner is tethered. Surprisingly, the efficiency with which the engineered TyS 
elements integrate in the vicinity of their new protein partners is comparable with 
the efficiency with which wild-type TyS integrates near sites of tethered Sir4 (17). 

Understanding the mechanism of TyS target specificity suggests ways in which 
other relrotransposons and retroviruses can be harnessed for genome modification. 
For example, the Schizosaccharomyces pombe Tfl retrotransposon normally inte¬ 
grates in intergenic regions (18). ycL we have engineered a Tfl element to integrate 
in hcterochromatin by adding to IN a chromodomain that recognizes heterochro- 
matin-specific histone modifications (Gao and Voytas. unpublished). Although tar¬ 
geting to hcterochromatin occurred at low frequencies, the results suggest that this 
approach may be generally applicable. In the case of retroviruses, there is consid¬ 
erable interest in developing vectors for gene therapy with enhanced integration 
specificity both to minimize deleterious mutations caused by retrovirus integration 
and to better control the expression of virally delivered therapeutic transgencs. 

A more direct exploitation of Ty5-targeting specificity is to use 1^5 to probe 
chromosomes for sites occupied by specific DNA-bound proteins (19). For example. 
Sir4 can be fused to transcription factors or other DNA-binding proteins, and TyS 
would be predicted to integrate at chromosomal sites occupied by the transcription 
factor-Sir4 fusion. The utility of this approach has recently been demonstrated in 
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Saceharomy'ces lo identify promoters bound by seven different transcription factor- 
Sir4 fusions (20). This technique complements approaches such as ChIP-Chip 
assays, which arc often used to identify chromosomal sites occupied by DNA- 
binding proteins (21). Here, we provide a detailed description of the assay used 
to measure targeting of Ty5 to sites of tethered Sir4 ( 17 ). This assay serves as the 
cornerstone for understanding Ty5 !N7Sir4 interactions and for developing other 
applications that derive from the ability to control target specificity of this 
retroelement. 

2. Materials 

2.1. Plasmids and Yeast Strains 

1. Yeast strain YPH499 (MATa ural-52 Iys2-S01 ade2-101 irplA63 hislA200 l,u2M) 
( 22 ). 

2. Escherichia coli strain cDW335. (recAl ewlAI gyrA96 rhi-1 hsdRI7 supE44 relAI 
lac hisB463ldell zef-3128::TnlO Tef). This strain is a derivative of XL1 Blue 
(Stratagcnc. San Diego, CA) that has been cured of its F plasmid. PI phage trans¬ 
duction was performed to introduce a nonreverting hisB allele from the E. coli strain 
CGSC no.7397 (Wright and Voytas. is still unpublished). 

3. Plasmid pDR14. This plasmid carries a galactose-inducible iy5 clement with a his3Al 
marker gene to select fo* Ty5 transposition events. A URA3 marker gene is present for 
selection in yeast, and the plasmid confers ampicillin resistance to £ coli (23). 

4. Plasmid pYZ316. This plasmid serves as a target for TyS integration. Four copies of 
LcxA operators arc imbedded within 7 kb of plant DNA. The plant DNA ensures that 
most TV5 insertions do not compromise plasmid furction. A TRPI marker gene enables 
selection in yeast, and the plasmid confers chloramphenicol resistance to £ coli (17). 

5. Plasmid pYZ317. This plasmid is similar to pYZ316. except no LcxA operators are 
present, and so it serves as a control. TRPI. Cam' (17). 

6. Plasmid pYZ276. This plasmid expresses a LcxA-Sir4 fusion protein (amino acids 
951-1358). A LEU2 marker is present for selection in yeast, and the plasmid confers 
ampicillin resistance to £ coli (17). 

2.2. Media for Growth of Yeast 

1. Yeast cxtract/pcptonc/dextrosc (YPD) medium: dissolve 1% yeast extract and 2% 
peptone (United States Biological. Swampscott MA) in water and autoclave. Add 
dextrose from a sterile (10X) stock solution to 2% final concentration. For solid 
media, add 2% bacto agar (|BD). Franklin Lakes. NJ) before autoclaving. 

2. SC-Ura-Lcu-Trp-His medium: dissolve 0.17% yeast nitrogen base without amino 
acids (United States Biological). 0.06% CSM-His-Leu-Trp-Ura (MP Biomcdicals. 
Solon. OH), and 0.002% L-histidinc hydrochloride (Sigma. St. Louis. MO) in water 
and autoclave. Add carbon source (dextrose or galactose) from sterile (10X) stock 
solution to 2% final concentration. For solid media, add 2% BD before autoclaving, 
a. SC-Ura medium: prepare SC-Ura-Lcu-Tlp-His as described earlier and supple¬ 
ment with 0.003% L-lcucine. 0.002% L-tryptophan. and 0.002% L-histidinc 
hydrochloride. 
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b. SC-Uia-Lcu medium: pfeparc SC-Ura-Leu-Trp-His as described earlier and supple¬ 
ment with 0.002% L-tryptophan and 0.002% L-histidinc hydrochloride. 

c. SC-Ura-Lcu-Trp medium: prepare SC-Ura-Lcu-Tip-His as described earlier and 
supplement with 0.002% L-histidinc hydrochloride. 

<L SC-Dp-His medium: prepare SC-Ura-Lcu-Trp-His as described earlier and supple¬ 
ment with 0.002% uracil and 0.003% L-leucine. 

2.3. Media for Growth of E. coli 

1. Luria Benani (LB): dissolve 1% tryptonc. 0.5% yeast extract, and 0.5% sodium chlo¬ 
ride (United States Biological) in water, adjust the pH to 7.0 and autoclave. For solid 
media, add 2% BD before autoclaving. 

2. Super optimal broth plus catabolite (SOC) dissolve 0.5% yeast extract. 2% tryptonc. 
20 mAf dextrose. 10 mM sodium chloride (United States Biological). 25 mAf potas¬ 
sium chloride. 10 mAf magnesium chloride, and 10 mAf magnesium sulfate (Fisher 
Scientific. Pittsburg. PA) in water and autoclave. 

3. Chloramphenicol: dissolve 2% chloramphenicol (Sigma) in ethanol. Aliquot and store 
at -20"C. 

4. LB + Cam: prepare LB media as described earlier, cool to 50°C and add chloram¬ 
phenicol to 20 mg/L. Store at 4°C. 

5. M9 + Cam: dissolve 0.6% sodium phosphate dibasic. 0.3% potassium phosphate 
monobasic. 0.1% ammonium chloride. (Fisher Scientific). 0.05% sodium chloride, and 
2% BD in water and autoclave. Add 1 mAf magnesium sulfate. 0.2% dextrose and 
0.01% thiamine (Sigma) from filter sterilized (10X) stock solutions. Cool media to 
50‘C and add chloramphenicol to 20 mg/L. pour plates, and store at 4°C. 

2.4. Preparation of the Yeast Strain 

1. Lithium acetate: 0.1 Af lithium acetate (Sigma) in water, autoclaved. 

2. ssDNA: dissolve 2 mg/mL DNA sodium salt from salmon testes (Sigma) in water and 
stored in aliquots at -20'C. Boil for 5 min to denature and chill in icc/water just 
before use. 

3. Polyethylene glycol (PEG) solution: dissolve 50% PEG 3350 (Sigma) in water and 
filter sterilize. 

4. Sterile distilled water. 

5. 30% glycerol: dissolve 30% (v/v) glycerol in water and autoclave. 

2.5. Induction of Transposition 

1. Sterile flat toothpicks. 

2. Supplies required for replica plating: velveteens. 15 cm 2 cotton velveteen or cheesecloth 
squares sterilized in autoclave; replica plating block (Cora Styles Needles 'N Blocks. 
Hendersonville. NC); sterile forceps for positioning velveteens on replica block. 

2.6. Preparation of DNA From Yeast Cells 

1. Sterile flat toothpicks. 

2 Breaking buffer, dissolve 2% (v/v) Triton X-100.1% sodium dodecyl sulfate. 100 mAf 
sodium chloride, 10 mAf Tris-Cl (from 1 Af stock solution. pH 8.0) and 1 mAf cthyl- 
cncdiaminctctraacctic acid (from 0.5 Af stock solution. pH 8.0) in water. 
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3. Screw-cap centrifuge tubes: screw-cap microccntrifugc tubes with scaling O-ring (cat 
no. 05-669-43 from Fisher Scientific) should be used to present leaking of contents 
during vortexing. 

4. Acid-washed glass beads: treat glass beads (425-600 pm or 30-40 US sieve) with 1 M 
nitric acid overnight under agitation. Rinse several times with water. Dry and store 
at -20°C. 

5. Phcnol/chloroform mixture: phcnol/chloroform/isoamyl alcohol (25:24:1 mixture. 
pH 6.7) (Fisher Scientific). 

6. Vortex: strong vortex apparatus with minimum of 3000 rpm speed and multitubc attach¬ 
ment is recommended. 

2.7. Electroporation of E. coli 

1. 500 mL ice cold sterile water. 

2 . 10 % glycerol: sterile solution of 10 % (v/v) glycerol in water. 

3. Elcctxoporator: gene pulser/£. coli pulscr (Bio-rad Laboratories. Hercules. CA) 
settings arc: 2.5 kV. 25 pF. 200 U. 

4. Cuvets: 2-mm gap electroporation cuvets. 

3. Methods 

This protocol measures the frequency with which the yeast TyS rctrotransposons 
integrates at DNA sites to which the Sii4 protein is tethered (17). As illustrated in 
Fig. 1. Sir4 is expressed as a fusion to the LexA DNA-binding domain and tethered 
to DNA sites that have LexA operators. iy5 typically integrates within a 100-bp 
window on cither side of the operators. 

Executing this protocol requires a yeast strain with three separate plasmids. One 
plasmid carries a Ty5 element under control of a galactose-inducible promoter 
(pDR14). The Ty5 element has a his3Al selectable marker for detecting transposition 
events (24). This marker is a HIS3 gene with an intron that renders it nonfunctional. 
However, when the intron is spliced from TV5 mRNA and reverse transcribed into 
eDNA. the HIS3 gene becomes functional and transposition events can be selected 
as His’ yeast cells. A second plasmid in the yeast strain serves as a target for Ty5 
integration (pYZ316). This plasmid has LexA operators that bind the LexA-Sir4 
fusion protein. Typically, a target plasmid without LexA operators is used as a 
control (pYZ317). The third plasmid expresses the LcxA-Sir4 fusion protein 
(pYZ27S). As Ty5 IN interacts with the Sir4 C-terminus (15.17). typically only 
LcxA-Sir4 C-terminal fusions are expressed (e.g.. aa 951-1358 in the case of 
pYZ275). 

Each plasmid encodes a selectable marker that confers growth on yeast minimal 
medium lacking a particular nutrient supplement (uracil, tryptophan, or leucine). To 
select for these plasmids, the recipient yeast strain must cany mutations that prevent 
the synthesis of each of these nutrients, as well as histidine so that transposition 
events can be selected. The yeast strain YPH499 has the requisite auxotrophies for 
these selections. 
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Fig. 1. The teihered integration assay. The Ty5 preintegration complex (PIC) is shown 
complcxcd to TV5 eDNA. The TD of Ty5 IN interacts with Sir4. The target plasmid car¬ 
ries LexA operators that bind LexA-Sirl. Ambidopsis DNA flanks the operators to create 
a Ty5 landing pad. The target plasmid also has selectable markers and replication origins 
that function in yeast (TRPI, 2 pm) and £ coll (chloramphenicol-resistance gene. ColEI). 
After induction of Ty5 transposition, target plasmids arc recovered in £. coli by selecting 
either for chloramphenicol resistance (Chi'), or for chloramphenicol resistance and histi¬ 
dine prototrophy (Chl'His'). The latter selection determines the number of target plasmids 
that cany Tv5 with its HIS3 marker. The ratio of Chl'His' to Chi' indicates the efficiency 
with which TyS integrates into the plasmid. 

3.1. Preparation of the Yeast Strain 

1. Prepare YPH499 cells for transformation. Inoculate 5 mL of liquid YPD medium with 
a colony of YPH499. Grow to early log phase (OD w; = 0.5). Centrifuge 1 mL of the 
culture in a 1.5-mL microccntrifugc tube for 10 s at 5000g. Discard the supernatant 
and resuspend the pellet in 1 mL of sterile water. Centrifuge again and resuspend the 
cell pellet in 1 mL 0.1 M LiOAc. Repeat the centrifugation once again and resuspend 
the pellet to 50 pL of 0.1 M LiOAc. 

2. Add 0.1-0.5 pg of pDR14 DNA and 5 pL of ssDNA to the least cells. Mix by tapping. 
Add 350 pL PEG solution and mix again. Incubate at 30=C for 30 min before trans¬ 
ferring to a 42”C water bath for 15-20 min. Centrifuge the cells for 10 s at 5000g. 
Discard the supernatant and resuspend the cell pellet in 100 pL sterile water. Plate the 
cells onto a SC-Ura plate and incubate at 30°C for 2-3 d. Pick a well-isolated colony 
and streak out for single colonics on a fresh SC-Ura plate for use in the next step 
(see Note 1). 

3. Repeat step 2. except, grow the yeast cells on liquid SC-Ura medium. Repeat step 3. 
except, transform with pYZ276 and plate the cells onto an SC-Ura-Lcu plate. Select 
an isolated colony for use in the next step. 
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4. Repeal step 2. except, grow the yeast cells on liquid SC-Ura-Lcu medium. Repeat 
step 3. except, transform individual aliquots of cells with cither pYZ316 (the target 
plasmid with four LexA operators) or pYZ317 (a control target plasmid with no LexA 
operators). Plate the cells onto an SC-Ura-Leu-Hp plate. 

5. Pick at least three well-isolated colonics from both the pYZ316 (test) and pYZ317 
(control) transformations for subsequent experiments. These strains can be stored 
indefinitely by growing 5 mL cultures to early log phase (OD^ = 0.5) in SC-Ura- 
Lcu-Trp medium. Add 0.5 mL of 305 glycerol to 0.5 mL of the culture. Mix and 
freeze at -80=C. 

3.2. Induction of Transposition 

1. Using sterile toothpicks, inoculate three cultures each of the test and control strains 
into individual wells of a sterile 96-well plate containing 200 pL of liquid SC-Ura- 
Lcu-Trp medium per well. Incubate the plate at 30 o C for 24 h without shaking. 
(see Note 2). 

2. After 24 h. the yeast cells will have grown across the bottom of the well and can be 
suspended by pipeting up and down with a micropipet. Spot 80 pL of the cell suspen¬ 
sion onto a SC-Ura-Lcu-Trp plate that has 2% galactose and 0.5% raffinosc. The 
galactose induces the expression of the TyS element. Incubate the plate at room tem¬ 
perature (22-20"Q for 3 d. 

3. Replica plate the induced yeast cells onto an SC-Trp-His plate. This medium selects 
for transposition of Ty5 elements, because transposition through a RNA intermediate 
results in loss of an inactivating intron in the his3AI marker gene and confers histidine 
prototrophy (24). The absence of tryptophan in the media ensures retention of the target 
plasmid, as it carries the TRPI gene. Incubate the plates at 30=C for 3-4 d. 

4. For each test and control strain, scrape the yeast cells from the SC-Trp-His plate and 
resuspend them in 5 mL SC-Trp-His liquid medium. Incubate the culture overnight 
at 30"C with shaking (tee Notes 3 and 4). 

3.3. Preparation of Df'lA From Yeast Cells 

1. Using the overnight cultures generated in Subheading 3.2. step 4. centrifuge the 
cells for 2 min at 5000? in a clinical centrifirge. Discard the supernatant and resuspend 
the cell pellet in 1 mL water. Transfer the resuspended cells to a screw-cap microccn- 
trifugc tube. Centrifuge for 10 s at 5000?. Discard the supernatant. Cells can be stored 
at -20’C for future analysis, if desired. 

2. Add 200 pL of DNA-breaking buffer to the cell pellets. Vortex until the cells arc 
resuspended. Add approx 200 pL (-0.3 g) glass beads and 200 pL phcnol/chlotoform/ 
isoamyl alcohol (25:24:1). \brtcx for 20-30 min. Centrifuge the broken cells at 16? for 
5 min (see Note 5). 

3. Remove the supernatant, be careful not to contaminate the supernatant with cellular 
debris that has accumulated at the interface of the aqueous and organic layers. Typically, 
only 100 pL of the supernatant can be removed safely. The supernatant can be stored 
at -20’C for future use. 

3.4. Preparation oft. coli Cells for Transformation by Electroporation 

1. The day before the preparation of the electro-competent cells, inoculate a 5 mL culture 
of LB medium with a single colony of cDW335. Grow overnight at 37=C with shaking. 
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2. Use Ihc 5 mL stancr culiurc lo inoculate 500 mL of LB medium in a sterile 1 -L flask. 
Incubate with shaking at 37=C until OD^ = 0.4-O.6. Divide the culture into two. 
sterile 250-mL centrifuge tubes and ccntrifUge for 8 min at 5000-6000# at 4°C. 

3. Discard the supernatant and resuspend each cell pellet in 50 mL ice cold, sterile watci 

4. Combine the resuspended cells and centrifuge for 8 min at 5000-6000? at 4°C. 
Repeat steps 3 and 4 two more times using 100 mL of ice cold sterile water. 

5. After the final wash, resuspend the pellet in 25 mL of ice cold, sterile 10% glycerol. 
Pellet cells by centrifuging 5000-6000? at 4°C. Pour off supernatant and resuspend 
the pellet in 3 mL ice cold, sterile 10% glycerol. 

6. Aliquot 100 pL of cells to individual, sterile microccntrifirgc tubes. Use immediately 
for electroporation or freeze the cells at -80°C for future use. 

3.5. Transformation of E. coli and Recovery of Target Plasmids 

With Integrated TyS Elements 

1. The electro-competent cDW335 E. coli cells are transformed with DNA present in 
the yeast cell supernatants prepared in Subheading 3.3.. step 3. If frozen electro- 
competent cells arc used for the transformation, allow them to first thaw on ice. To 
each 100 |iL aliquot of cells, add 2 pL of the yeast supernatant prepared from either 
test or control yeast cells. Mix by tapping. 

2. Transfer the DNA/ccll mixture to an ice cold electroporation cuvet with a 2 mm gap. 
Electroporate at 2.5 kV. 200 £L 25 pF. 

3. Immediately after electroporation, add 1.5 mL SOC to the cuvet Transfer the cells to 
a culture tube and grow for 45 min at 3TC. 

4. Add to each culture. 05 mL of LB with 100 pg/mL chloramphenicol. This yields a 2 mL 
culture volume with 25 pg/mL chloramphenicol. The chloramphenicol selects for the 
target plasmid. Grow cells for an additional 3 h at 37°C with shaking. 

5. Harvest cells by centrifuging the culture in a 2-mL microcentrifugc tube for 1 min at 
8000?. Discard the supernatant and resuspend the cells in 1 mL of sterile water. 
Centrifuge again for 1 min al 8000? and resuspend the cell pellet in 400 pL of sterile 
water (see Note 6). 

6. To determine the fraction of target plasmids that have acquired aTy5 insertion. 200 pL 
of the cell suspension is plated on an M9 + Cam plate. Plates arc typically incubated 
at 37"C for 3 d. The minimal medium with the antibiotic ensures growth of only those 
cells with target plasmids with an integrated TV5 element and its HIS3 marker gene. 
The average colony yield is between 100 and 300 colonics per plate. To obtain 
adequate colony numbers, the amount of DNA used to electroporate and the volume 
of cells plated may be adjusted accordingly. 

7. The frequency of targeting is calibrated relative to the total population of target plasmids. 
This is determined by combining 20 pL of the resuspended cells (1/lOth the volume 
used to measure targeting) with 180 pL of sterile water in a microcentrifuge tube and 
plating the entire volume on a LB ♦ Cam plate. Plates are incubated overnight at 37°C. 

8. Colonics on the LB * Cam and M9 ♦ Cam plates are counted. The frequency of tar¬ 
geting is considered the number of colonics that appear on the M9 + Cam plates 
divided by the normalized number of colonics that grow on the LB » Cam plates 
(i.c.. 10 times the number of actual colonics). The targeting efficiency is also com¬ 
pared relative with efficiencies determined for the control target plasmid (see Note 7). 
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4. Notes 

1. In Subheading 3.1.. steps 2—4. the plasmids arc added sequentially to yeast strain 
YPH499. To save time, it is possible to introduce two plasmids simultaneously. 
However, attempts to introduce three plasmids at once, have met with little success. 

2. Instead of using a 96-well plate, sterile toothpicks can be used to inoculate 1-mL 
aliquots of liquid SC-U-L-T medium with each of the three test and control strains. 
Incubate at 30°C with shaking for 24 h. 

3. The principal difference between this protocol and the published version is the 
addition of Subheading 3.2.. step 4. This step was implemented to improve recov¬ 
ery of target plasmids by extending the period of growth under selection. This 
additional growth period docs not significantly alter the targeting efficiency of 
wild-type Ty5. 

4. One note of caution, which pettains to the original as well as this revised protocol, 
concerns discerning whether or not transposition events arc independent of each 
other. In the original protocol, cells that sustained a transposition event were amplified 
by growth under selection on Petri plates (Subheading 3.2.. step 3). In this protocol, 
a second period of growth under selection in liquid medium is invoked (Subheading 
3.2. step 4). In either assay, the relative frequencies of targeted transposition arc 
meaningful, as long as appropriate controls arc used that provide a basis for comparison, 
such as a target plasmid without LexA operators. However, if integration events arc 
analyzed at the DNA sequence level (see Note 7). and two plasmids arc recovered 
with TV5 elements at the same nucleotide site, it is not possible to determine whether 
these arc independent events or siblings. 

5. Although a multitubc vortexer may be used for breaking the yeast cells, it should not be 
used to resuspend the cell pellet, as this results in excessive foaming and poor resuspen¬ 
sion (Subheading 3.3.. step 2). The time required to break the yeast cells by voitcxing 
can be reduced: however, fewer target plasmids will be recovered. Whereas extensive 
voitcxing can shear chromosomal DNA. it does not affect recovery of plasmid DNA. 

6. It is important to carefully wash the E. coti cells with water in Subheading 3.4.. step 4. 
Any contaminating histidine can result in background growth of the cDW335 on M9 
medium, giving rise to very small colonics that appear after the first day of incuba¬ 
tion at 37 : C. An additional wash step will reduce this background growth, but often 
result in a slight decrease in cell survival. If background colonics do appear, they can be 
distinguished from cells with a transposed TV5 element after continued incubation, 
because only the cells with the Ty5 HIS3 marker produce large colonics. 

7. Target plasmids can be recovered from colonics that grow on M9 ♦ Cam plates 
(Subheading 3.5.. step 6). DNA sequencing with a Ty5-specific primer can be used 
to determine precisely where on the target plasmid the TyS element has integrated. 

8. In this protocol, the LcxA-Sir4 fusion protein is tethered to the target plasmid by 
LexA operators. It should be possible to integrate LexA operators at any chromoso¬ 
mal site and direct Ty5 integration to these target sequences. 

9. The domain of Sir4 that interacts with TyS IN can be fused to other DNA-binding 
proteins, such as transcription factors. On interaction with the transcription factor- 
Sir4 fusion. TyS will integrate at chromosomal sites bound by the transcription factor. 
This technique holds much promise for identifying promoters bound by specific tran¬ 
scription factors, and the technique can complement approaches such as the widely 
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used ChIP-Chip method for identifying chromosomal sites occupied by DNA-binding 
proteins (21). A proof-of-conccpt experiment that demonstrates the utility of this 
approach has been undertaken in Saccharomyces using seven different transcription 
factor-Sir4 fusions (20). 

10. TV5 target specificity can be altered by replacing the IN TD with other peptide motifs 
that interact with known protein partners. Integration occurs at high efficiency and in 
dose proximity - to DNA sites where the protein partners arc tethered. This approach 
can also be used to engineer Ty5 elements to probe the chromosomal occupancy of 
certain DNA-binding proteins. 

11. The general approach for modifying TV5 target specificity can be applied to other 
rctrotransposons to control their sites of integration. For example, the S. pomlie Tfl 
rctrotransposon has been engineered to integrate in hctcrochromatin through the 
addition of a chromodomain to Tfl IN. which recognizes histone modifications that 
arc enriched in hctcrochromatin (Gao and Voytas. unpublished). 

12. The general approach for modifying TyS target specificity may also prove useful for 
controlling sites of retroviral integration. Such engineered retroviruses would have 
particular utility in human gene therapy where it is particularly important to control 
the site of integration. 
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Site-Specific Chromosomal Integration Mediated 
by <|>C31 Integrase 

Annahita Keravala and Michele P. Cal os 


Summary 

<C31 Integrate Is a site-specific recombinate Irom a bacteriophage that has become a useful tool 
in mammalian cells. The enzyme nonnail) perforins precise, unidirectional recombination between 
two attachment oc att sites called aiiB and aill 1 . We have shown that an attP site pecintegrated into 
a mammalian chromosome can serve as a target foe integration ol an introduced plasmid cart>mg 
an aiiB site. Recombination leads to precise integration of the plasmid into the chromosome at the 
attP site. This reaction is useful fee placing introduced genes into tbe same chromcwitrial environ¬ 
ment. in order to minimize politic© effects associated with random integration. Because 4C31 inte¬ 
grase tan also mediate integration at endogenous sequences that resemble attP. called pseudo attP 
rites, a selection system is used that yields integration only at the desired premiegrated attP site. 
This chapter provides a protocol that features a simple antibiotic selection to isolate cell lines in 
which the introduced plasmid has integrated at the desired attP site. A polymerase chain reaction 
assay is also presented to verily coned chromosomal placement of the introduced plasmid. This 
integration system based oc <<.'31 integrase supplies a simple method to obtain repeated integration 
at the same chromosomal site in mammalian cells. 

Key Words: attB; attP; ©C31 integrase; phage integrase; position effects; site-specific inte- 


t. Introduction 

A commonplace need in genetic studies is lo insert novel genetic material into 
the chromosomes. Chromosomal integration of introduced DNA occurs sponta¬ 
neously in mammalian cells, but the process is rare and such integration is random. 
Random integration subjects the integrated DNA to position effects in which the 
chromosomal context influences expression of the integrated DNA. This influence is 
usually undesirable. Integration can be directed to specific locations by homologous 
recombination, but spontaneous homologous recombination is also an infrequent 
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process. To catalyze a higher frequency of integration, enzymes may be used. In 
mammalian cells, several classes of enzymes have been used for this pmposc. 
Transposascs derived from transposable elements such as Sleeping Beauty? can be 
used to integrate segments of DNA that have been cloned between inverted repeat 
sequences recognized by the transposase (/). This process brings about fairly effi¬ 
cient. but nearly random, integration into the genome (2). As well, retroviral intc- 
grases. which are distantly related to transposascs, mediate efficient, nearly random 
integration (3). 

Although transposases and retroviral inlcgrases are efficient at chromosomal 
integration, they have several limitations, including an absence of control over 
the location where the DNA will be integrated in the genome and size limits for 
the DNA to be integrated. In order to remove size limits and gain control over 
the site of integration, site-specific recombinascs. which require recognition of 
specific DNA sequences at the target site, have been used. These enzymes 
derive from single-celled organisms and typically involve the precise recombi¬ 
nation of two sequences recognized by the recombinase. Cre was the first such 
enzyme to find widespread utility in mammalian cells (4). Cre requires no host- 
specific cofactors and is catalytically robust in the mammalian environment. It 
recombines two identical 34-bp long loxP sites. The similar flippase (FLP) can 
recombine two identical FRT sites (5). Although Cre and FLP can in theory be 
used for chromosomal integration, integration events mediated by these 
resolvases are quickly reversed by deletion, because the integrated DNA is 
flanked by loxP or FRT recognition sites. Therefore, these enzymes are most 
widely used for making precise deletions. 

A different type of site-specific recombinase. a phage integrase. is best suited 
for efficient integration into chromosomes. Phage integrascs recombine two non- 
identical sequences, termed attB and attP % creating hybrid sites after recombina¬ 
tion that are not substrates for the integrase. Therefore, phage integrascs are 
unidirectional and provide a high net integration efficiency. The <J>C31 integrase. 
derived from a Streptomyces phage (6-8), was the first phage integrase shown to 
provide efficient integration into mammalian chromosomes (9-11). The enzyme 
was demonstrated to mediate efficient integration between its own attB and attP 
sites in the mammalian environment (10.12). $C31 integrase also mediated inte¬ 
gration between an attB site on an incoming plasmid and native sequences with 
partial sequence identity to attP . called pseudo attP sites (Fig. 1) (10). The ability 
of 4C31 integrase to mediate integration into unmodified genomes is important for 
gene therapy applications (reviewed in ref. 13) and for generating transgenic ver¬ 
tebrates (14). Furthermore, integration into pseudo sites in cultured cells is a rapid 
way to generate cell lines with high expression of the transgcnc (10.15.16). 
However, this chapter focuses on use of <}>C31 integrase for reproducible, precise 
placement of genes at the same chromosomal position, a preintegrated attP dock¬ 
ing site, in mammalian cell lines. 
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Fig. 1. Integration reaction mediated by $C31 integrase in an unmodified mammalian 
genome. In the presence of $C31 integrase, an ur/B-bcaring donor plasmid carrying a trans- 
gene becomes integrated into a pseudo attP site in the mammalian genome. 


For this purpose, only the precise reaction between an attb site on an incoming 
plasmid and an attP site in the genome is desired, and integration into pseudo attP 
sites is unwanted. In small genomes, like that of Drosophila melanogaster . a 
preintegrated attP site is the target for nearly all integration by $C31 integrase 
(17-19). However, in large, complex genomes, although an integrated attP site 
generally represents a hotspot for integration, many integration events also occur 
at pseudo attP sites (10). A study of integration in three human cell lines indicated 
that 19 pseudo attP sites received repeated integration events whereas up to sev¬ 
eral hundred more may receive occasional integrations (20). This competition 
betw een integration at the preintegrated attP site vs integration at the set of native 
pseudo attP sites resulted, for example, in 5-15% of integrations occurring at the 
preintegrated attP in human cell lines (10.21); whereas the remainder occurred at 
pseudo attP sites. To remove this background of integration at pseudo attP sites, we 
set up a selection system in which resistance to an antibiotic is activated only by 
$C31 integrase-mediated integration of an ^////-containing plasmid into the 
desired attP site (Fig. 2) (10). This system yields nearly 100% specificity for pre¬ 
cise integration at the desired chromosomal location, and its operation is described 
in this chapter. 

New developments with $C31 integrase are likely to create improvements in 
the utility of the system for creating mammalian cell lines. For example, we have 
developed mutant forms of 4>C31 integrase that have higher integration efficiency 
and higher specificity for integration at attP . as opposed to pseudo attP sites (21). 
In the future, with use of such modified versions of $C31 integrase. screening of a 
small number of integrants may be adequate for finding those integrated at attP . 
as an alternative to selection. 

2. Materials 
2.1. Reagents 

1. Dulbccco’s modified eagle’s medium (DMEM) with high glucose and L-glutaminc 
(Gibco/BRL. Bethesda. MD). supplemented with 10% fetal bovine serum ([FBS). 
Gibco/BRL). and \% pcniciUin/strcptomycin (Gibco/BRL). 
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Fig. 2. Chromosomal integration at a preintegrated ar/P site. (A) pHZ-.i/i/’ plasmid, 
used to randomly integrate the (>C31 ur/P site into the cellular genome by using the 
hygromyc in-rcsistancc selection marker. (B) Schematic diagram describing genomic inte¬ 
gration at the preintegrated allP site in the genome. The pNC-urrB plasmid, bearing the 
neomycin-resistance gene and the cytomcgaloviius (CMV) promoter located upstream of 
the atiB site, recombines at the chromosomal allP site, integrating into the host chromo¬ 
some (wavy lines). This integration reaction is catalyzed by 4>C31 intcgrasc. Site-specific 
integration leads to expression of the zcocin-rcsistance gene from the CMV promoter 
introduced on pNC-urtB. 


2. Trypsin (0.05%) and cthylencdiaminc tetraacctic acid (1 mAf) (Gibco/BRL). 

3. FuGENE 6 transfection reagent (Roche. Palo Alto. CA). 

4. Hygromycin B (Calbiochcm. San Diego. CA). 

5. Gcncticin (G418. GibcrVBRL). 

6. Zeocin (Gibco/BRL). 

7. Agarose (Sigma. St Louis. MO). 

8. DNeasy tissue kit (Qiagen. Valencia. CA). 

9. puRcTaq rcady-to-go polymerase chain reaction (PCR) beads (Amersham 
Bioscienccs, Buckinghamshire. England). 

10. Restriction enzymes and buffers appropriate for the experiment (New England 
Biolabs. Ipswich. MA). 

11. QIAquick PCR purification kit (Qiagen). 
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2.2. Plasmids 

1. pHZ-attP, a plasmid carrying the anP site upstream of a promoter-less, zeocin- 
resistance gene, as well as a hygromycin-resistance selection marker 110) (Tig. 2). 

2. pCMV-Int. plasmid-expressing wild-type $C3I integrase (9). 

3. pCSml. negative control plasmid-expressing nonfunctional $C3I integrase (22). 

4. pNC-arrfi. donor plasmid containing the atiB site downstream of the cytomegalovirus 
(CMV) promoter, a neomycin-resistance gene, and an enhanced green fluorescent 
protein gene (Fig. 2) (10). 

5. PCR primers: P3F: 5-AGGTCTATATAAGCAGAGCTC and P3R: 5'-TGAGCAC- 
CGGAACGGCACTGG. 

2.3. Cell Lines 

1. 293 (23). a transformed human embryonic kidney cell line (ATCC. Manassas. VA) 
(see Note 1). 

2.4. Equipment 

1. Electroporator (Bio-Rad Gene Pulser. Bio-Rad. Hercules. CA). 

2. COj incubator set at 37 a C. 

3. Tissue culture plates (6-well. 60 mm. and 100 mm). 

4. Microcentrifugc tubes. 

5. Agarose gel electrophoresis equipment. 

6. PCR machine. 

3. Methods 

3.1. Construction of attP Cell Lines 

1. Twenty-four hours before electroporation, seed 6-8 * 1 O’ 293 cells (see Note 1) per 
60-mm dish in 5 mL DMEM supplemented with 10'S? FBS and 1% penicillin/ 
streptomycin (see Note 2). The cell number seeded should yield approx 80% confluence 
on the day of electroporation. 

2. Incubate the cells at 37°C in a 5% C0 2 incubator. 

3. Concurrcndy. treat plasmid pHZ-attP with Hpal overnight at 3? : C to generate linear 
molecules. 

4. Purify the linearized plasmid DNA using the QIAquick PCR purification kit. 

5. Electroporate 5-10 pg of linearized pHZ-atiP into 293 cells using the Bio-Rad Gene 
Pulser according to manufacturer’s directions (see Note 3). 

6. Immediately plate the cells on three 100-mm dishes in complete DMEM supple¬ 
mented with FBS and antibiotics and culture them at 37 C C in the C0 2 incubator to 
allow the cells to recover. 

7. TWenty-four hours after electroporation, start selection using complete DMEM con¬ 
taining 200 pg/mL of hygromycin B (see Note 4). Maintain cells in selective medium 
under normal growth conditions until well-expanded colonics appear (usually 14-17 d) 
(see Notes 5 and 6). 

8. Pick single, well-isolated colonics (-6) using trypsin and expand in each well of a 
6-wcll plate using complete DMEM without further selection. 
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3.2. Selcclion Assay for Identifying a Cell Line With an altP Site Located 

at a Favorable Location 

1. Plate 1-3 x 10 s cells of each ccU line to be tested (c.g., 293P1-293P6) (see Note 7) in 
2 mL of DMEM with 10% FBS and 1% pcnicillin/strcptomycin in a 6-well plate 24 h 
before transfection. Incubate the cells at 37°C in a CO, iiKubator. This procedure would 
achieve 60 - 80 % confluence at time of transfection. 

2. On the day of transfection, aliquot 97 pL scrum-free DMEM (SFM) into microccn- 
trifugc tubes. Add 3 pL FuGENE 6 (see Note 8) to each of these tubes and mix gen¬ 
tly. Add DNA (980 ng pCMVInt or pCSml + 20 ng pNC-u/rfi) to the tubes, mix 
gently, and incubate for 15 min at room temperature (see Note 9). 

3. Aspirate medium from cells and replace with 2 mL of complete DMEM per well. 
Then add 100 pL of the lipid-DNA complex in SFM drop-wise to the appropriate 
well. Gently rock the plate to distribute evenly over the cells. 

4. Incubate overnight at 37"C in a CO, incubator. 

5. Twenty-four hours posttransfeetion, harvest the cells using trypsin and divide the 
cells from each well onto two 100 -mm plates. 

6. Twenty-four hours after rcplating. aspirate medium and replace with DMEM con¬ 
taining 350 pg/mL G418 (see Note 4). 

7. Replace the selection medium every 2-3 d. taking care not to dislodge nascent 
colonics (see Notes 5 and 6). Maintain the cells under selective pressure for approx 
2 wk. and count the number of G418-rcsistant colonics (see Note 10). 

3.3. Integration Into attP in the 293P3 Cell Line 

1. Plate 1-3 x 10 5 293P3 cells in 2 mL of DMEM with 10% FBS and 1% penicillin/ 
streptomycin in a 6-wcll plate 24 h before transfection. Incubate the cells at 37"C in 
a COj incubator. This procedure would achieve 60-80% confluence at the time of 
transfection. 

2. On die day of transfection, aliquot 97 pL SFM into microccntrifugc tubes. Add 3 pL 
FuGENE 6 (see Note 8) to each of these tubes, and mix gently. Add DNA (980 ng 
pCMVInt or pCSml + 20 ng pNC-ar/B) to the tubes (see Note 11). mix gently, and 
incubate for 15 min at room temperature (see Note 9). 

3. Aspirate medium from cells and replace with 2 mL of complete DMEM per well. 
Then add 100 pL of the lipid-DNA complex in SFM drop-wise to the appropriate 
well. Gently rock the plate to distribute evenly over the cells. 

4. Incubate overnight at 37"C in a COj incubator. 

5. Twenty-four hours posttransfeetion. harvest the cells using trypsin and divide the 
cells from each well onto two 100 -mm plates. 

6. Twenty-four hours after rcplating. aspirate medium and replace with DMEM con¬ 
taining 350 pg/mL G418 + 100 pg/mL zcocin (see Note 4). 

7. Replace the selection medium every 2-3 d. taking care not to dislodge nascent 
colonics, and maintain the cells under selective pressure for approx 2 wk. until well- 
isolated colonies are formed (see Notes 5 and 6). 

8. Almost all zcocin-rcsistant colonics will have the plasmid integrated at the chro¬ 
mosomal anP site (see Note 12). 



Integration With QC31 Integrate 171 

3.4. Supplementary Protocol: PCR Assay to Verify Integration 
at the Chromosomal altP Site 

1. In order to confirm integration of the marker gene into the preintegrated oliP site in 
the genome, prepare genomic DNA from each clonal line isolated in Subheading 
3 J. using a DNeasy tissue kit according to manufacturer's direction. 

2 . Perform the PCR analysis using the primers P3F (located in the incoming plasmid) 
and P3R (located in the preintegrated zcocin-rcsistancc gene). 

3. Cany out the PCR using the following protocol: 95°C for 30 s; 65°C for 30 s; 72°C 
for 30 s for 10 cycles, with each cycle decreasing the annealing temperature by 1"C. 
followed by 25 cycles of 95‘C for 30 s; 55‘C for 30 s; 72 : C for 30 s. followed by 
72°C for 7 min. 

4. Visualize the amplified PCR products using agarose gel electrophoresis. The pres¬ 
ence of a band of the expected size will establish that integration took place at the 
preintegrated anP site. 

4. Notes 

1 . The protocol uses the 293 cell line as an example, but the method is expected to work 
with any other mammalian cell line. 

2 . Unless otherwise stated, all solutions should be warmed in a 37°C water bath before 
use for tissue culture. 

3. Electroporation of linearized DNA was used, because it often produces a single-copy 
plasmid insertion, which was the desired outcome. Copy number of the integrated 
plasmid can be analyzed by Southern blotting. 

4. Before starting any antibiotic selection, it is advisable to do a kill curve for that 
antibiotic on the cell line to be used for the experiment. Depending on the cell line, 
the optimal antibiotic concentration required to select cells will vary. 

5. Change selection medium every 2-3 d to remove the dead cells and floating debris. 

6 . 293 cells adhere to the plate loosely. Hcikc. while changing medium, aspirate and add 
medium gently along the sides of the plate so the transfected cells will not be lost 

7. Because the un/’-bcaiing plasmid becomes integrated into the genome by random 
integration, some resulting cell lines may have the anP site located in an unfavorable 
region for integration and gene expression. By screening several anP cell lines for 
their ability to generate G418-rcsistant colonics, one can be assured of choosing an attP 
cell line that has an acceptable level of integration and gene expression at the anP 
sitc. 

8 . The transfection method described here utilizes FuGENE 6 as the transfection 
reagent, which works well with 293 cells. However, the method detailed in this chap¬ 
ter can easily be applied to other cell lines using a variety of different transfection 
techniques. Plasmid delivery methods generally vary depending on the cell line and 
application. For cellular uptake of plasmid DNA in culture, such methods include 
lipid reagents such as FuGENE 6. Lipofcctaminc (lnvitrogen, Carlsbad. CA). and 
Supcrfcct (Qiagen, Valencia, CA), among others. In addition, standard electropora¬ 
tion ECM 830 (BTX. Holliston. MA) or nudcofcctioo (Amaxa. Cologne. Germany) 
technologies may also be used. 



172 


Kcravala and Calos 


9. Always dilute FuGENE 6 transfection reagent by pipeting directly into serum-free 
medium. Do not allow the undiluted reagent to come in contact with any plastic 
surface. 

10. The higher the number of G418-rcsistant colonics, the better the genomic location of 
the integrated anP site, in terms of the level of integration efficiency and gene expres¬ 
sion at the chromosomal location of the aliP site. Therefore, other things being equal, 
choose the anP cell line that generates the highest number of G418-resistant colonies 
for use in experiments. 

11. The gene of interest to the investigator should be added to pNC -anB, for example, in 
place of enhanced green fluorescent protein if the latter gene is not required. 

12. The preintegrated pHZ-aiiP vector contains a promoter-less zcocin-rcsistancc gene that 
will be transcriptionally activated by integration of the incoming pNC-ufrB plasmid at 
the anP site, by virtue of the CMV promoter adjacent to anB Qtee Fig. 2). 
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Triplex-Mediated Gene Modification 

Erica B. Schleifman, Joanna Y. Chin, and Peter M. Glazer 


Summary 

Gene targeting with DNA-binding molecules MCfc at trip lex-teeming ollgooucletxldes or peptide 
nucleic acids can be utilised to direct mutageneUs ce induce recombination xiie-speciftcally. In this 
chapter, several detailed protocols are described fox the design and use ot irlplex-f orming molecules 
to bind and mediate gene modification at specilic chromosomal targets. Target site identification, 
binding molecule design, as well as various methods to test binding and assess gene modification 
are described. 

Key Words: Antigene: homologous recombination: mutagenesis: peptide nucleic acid (PNA); 
triplex; triplex-forming oligonucleotide (TK>). 


1. Introduction 

Triplex foimalion was first cited in the literature m 1957. when Felsenfeki ct al. 
(1) described the ability of polyU and polyA RNA strands to bind in a 2:1 ratio. 
Triplex-forming oligonucleotides (TFOs) are capable of forming similar structures 
by binding in the major groove of duplex DNA to polypurine/polypyrimidinc 
runs. These molecules bind to DNA in a sequence-specific manner in cither a par¬ 
allel or antiparallcl orientation. In the antiparallel (purine) motif, a polypurine TFO 
binds through reverse Hoogstecn hydrogen bonds antiparallel to the polypurine 
strand of the DNA duplex. In the parallel (pyrimidine) motif, a polypyrimidine 
TFO binds through Hoogstecn base pairing in a parallel orientation to the purine 
strand of the duplex DNA. Through the manipulation of the cell's own repair 
machinery. TFOs have been used as tools to effectively inhibit transcription (2), 
inhibit the binding of proteins to DNA (3-6). inhibit DNA replication (7.8). 
promote site-specific DNA damage by delivery of a mutagen (9-12), induce 
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mutagenesis (13.14). and enhance recombination in both chromosomal and 
episomai targets (15-17). 

Another class of molecules capable of triplex formation is peptide nucleic 
acids (PNAs). PNAs are oligonucleotide analogs in which the phosphodiester 
backbone of DNA is replaced with an uncharged polyamide backbone (18). 
Because of its hybrid nature. PNA is resistant to both nucleases and proteases, 
increasing its stability when transfected into cells (19). PNAs can bind to DNA or 
RNA through Watson-Crick hydrogen bonds with high thermodynamic stabil¬ 
ity. Similar to TFOs. PNAs can form triplexes through Hoogstccn base pairing at 
poly purine rpolypyrimidinc sites. Triplexes can form when two PNA strands bind 
to the homopurine strand in a homopurinc/homopyrimidine stretch of DNA. 
Whereas one PNA strand binds through Watson-Crick base pairing in an antipar- 
allcl orientation, the second strand binds to the PNA/DNA duplex through 
Hoogsteen bonding to form the triplex (20). By linking two PNA molecules 
through a flexible linker, a fcij-PNA (clamp) is formed, which can be used to bind 
sequence specifically to a DNA target with an extremely high melting tempera¬ 
ture. PNAs have been shown in vitro to block DNA polymerization, inhibit tran¬ 
scription initiation and elongation, and prevent sequence-specific protein binding. 
In addition, the formation of the D-loop has been shown to create an artificial 
transcriptional promoter (21-25). 

There still exist many challenges in the implementation of triplex technology 
in vivo. TFO and PNA binding can be inhibited by such cellular conditions as 
potassium and magnesium concentrations. A reduction in binding may also be 
observed depending on the availability of a target site as a result of its location in 
chromatin. Efficient delivery of both TFOs and PNAs into cells still remains a 
challenge. Delivery of PNAs can be improved through the addition of positive 
lysine residues and conjugation to cell-penetrating peptides such as Antcnnapedia 
and trans-activator of transcription (TAT) (26). Furthermore, conjugation of a 
nuclear localization signal has been shown to increase targeting of both TFO and 
PNA molecules to the nucleus (27). 

Modification of TFO backbones and/or bases has been used to increase cellular 
uptake, improve binding affinity, and prevent degradation on entry into cells. For 
example, backbone modifications, including replacing the phosphate backbone 
with cationic phosphoramidatc linkages such as N. N-diclhylelhylene-diamine or 
N. N-<limethyl-aminopropylaminc can increase the binding affinity of TFOs in vitro 
(28). The use of N, N-diethylethykme-diaminc-modified bases may also eliminate G- 
quartet formation in G-rich oligonucleotides. To overcome the pH dependence of 
pyrimidine tnpkxcs. pseudoisocytosinc. a base modification which mimics the N3 
protonation of cytosine, is readily utilized in both TFOs and PNAs. Other base mod¬ 
ifications. 5-mcthyl-2'-dcoxyundine and 5-methyl-2'-deoxycytidine. as well as the 
sugar modification 2'-0-(2-aminoclhyl)-ribosc have all been shown to increase the 
binding affinity of TFOs in the pyrimidine motif (29.30). 
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Triplex formation stimulates mutagenesis by provoking the cell's own DNA repair 
pathways, primarily the nucleotide excision repair machinery. TFO-induced mutage¬ 
nesis can lead to heritable and permanent changes in specific genes. TFOs are used 
to direct site-specific mutagenesis by either delivering a mutagen or directly inacti¬ 
vating a gene of interest. By conjugating a nonspecific mutagen such as psoralen 
(pso) to a TFO. the mutagen can be directed to a specific target site. Pso-TFOs have 
been shown to induce mutations in a target site on plasmids in vitro and when trans¬ 
fected in mammalian cells, as well as in chromosomal targets (9.13.31). Majumdar 
et al. (32) showed that by synchronizing cells and treating them in late S-phasc tar¬ 
geted mutagenesis coukl be increased 5.5-fold over those in G,. and 2.5-fold over 
cells in early S-phase. By manipulating cell synchronization or transcriptional state, 
it may be possible to increase the efficiency of triplex-induced mutagenesis. 

A reporter system was constructed to detect and quantify TFO-induced muta¬ 
genesis. The supFG reporter gene, which encodes an amber suppressor tyrosine 
tRNA and contains a TFO-bmding site was cloned into an SV40 vector. In bacte¬ 
ria with an amber mutation in the lacZ gene, a functional copy of the supF gene 
produces blue colonics: whereas a nonfunctional (mutated) copy produces white 
colonies when plated in the presence of 4-chloro-5-bromo-3-indolyl-P-D-galac- 
topyranoside and isopropyl-p-D-1-thiogalactopyranoside. The frequency of muta¬ 
genesis can then be calculated by comparing the number of white colonies with blue 
(9.33). Using this reporter system, pso-TFOs have been found to induce mutagen¬ 
esis in mouse cells containing a chromosomally integrated copy of the supFG 
reporter gene (34). Whereas pso has been shown to induce mutations, triplex for¬ 
mation alone using either TFOs or PNAs has also been shown to be sufficient to 
stimulate mutagenesis in target genes (20.34). In transgenic mice containing the 
same reporter gene integrated in the chromosome, intraperitoneal injection of the 
TFO. AG30, also led to site-specific mutations (13). 

Another strategy that can be implemented to modify, correct, or replace genes 
is homologous recombination. Normally in cells, homologous recombination 
occurs at a low frequency: however, studies have shown that DNA damage at the 
target site can increase the frequency of homologous recombination (35). To 
exploit this idea, several labs have used pso-TFOs to create site-specific dam¬ 
age in order to sensitize a target site for homologous recombination (36.37). In 
these experiments it was found that not only could DNA damage by pso 
increase intrachromosomal recombination (38) % but also a TFO alone was suffi¬ 
cient to induce homologous recombination (16.17.39). Triplex formation elevated 
the recombination level at a target site and led to the correction of a specific muta¬ 
tion (16). Using a plasmid with two tandem supF genes, each containing differ¬ 
ent point mutations, intramolecular recombination was shown to be increased on 
binding of a TFO. resulting in gene correction of one copy of the gene (36). When 
TFOs with or without pso were microinjected into the nuclei of mouse cells c 
ontaining two mutant copies of the herpes simplex virus thymidine kinase gene in 
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tandem, homologous recombination was stimulated at a frequency of 1%, 2000- 
fold over background (17). It was hypothesized that by linking a TFO to a short 
donor fragment, the TFO would act to position the donor over the target area 
whereas triplex formation would sensitize the site for homologous recombination 
(IS). The designed donor fragment would be completely homologous to the site 
adjacent to the triplex-binding site (TBS) except for the mutation or base correc¬ 
tion desired in the target gene. Some studies have determined that antisense 
(homologous to the transcribed strand) donors are preferred over sense (matching 
the nontranscribcd strand) donors at certain target sites (39). Further studies of 
this method have shown that the donor does not need to be tethered to the TFO or 
be adjacent to the TFO-binding site. Homologous recombination has been 
detected at sites up to 750 bp away from the triplex site (40). It has also been 
shown that TFOs can stimulate intermolecular recombination at a single-copy 
genomic locus in mammalian cells. In this study, both pyrimidine and purine motif 
TFOs were able to induce site-specific recombination in a dose-dependent manner 
up to a frequency of 0.11% (39). 

Triplex formation has many applications in chromosomal gene targeting. This 
chapter will discuss the use of TFOs or PNAs to induce a site-specific mutation 
in a gene of interest. To use this method of gene targeting, one must first identify 
potential binding sites (polypurine stretch) within the gene of interest (see 
Subheading 3.1.). A TFO or bu-PNA. which can bind to the target, must be 
designed (see Subheading 3.2.) and evaluated for binding affinity to the target 
site using Subheadings 3 J. and 3.4. Once a TFO or PNA has been validated by 
showing a strong binding affinity in vitro and in vivo, experiments can be 
designed to optimize delivery into the target cells. Gene correction or insertion of 
a specific mutation can be detected by various means. If the target is a reporter 
gene, then the relevant phenotypic assay can be used. If not allele-specific poly¬ 
merase chain reaction (PCR) can be used to detect a sequence change in the 
genomic DNA of the target cells. 

2. Materials 

All solutions and buffers can be stored at room temperature unless otherwise 
noted. 

1. Oligonucleotides: most oligonucleotides discussed here, including pso-conjugated 
TFOs and single-stranded donors, can be ordered from Midland Certified Reagent 
Company Inc. (Midland. TX) or other vendors. Single-stranded donors should be 
modified with the first three (5' end) and last three (3' end) base pairs containing phos- 
phorothioatc linkages to present nuclease degradation. The same protection can be 
achieved with TFOs with the inclusion of 3‘ amine groups. All oligonucleotides should 
be purified using cither high-pressure liquid chromatography or gel purification. 

2. PNAs: PNAs (hir-PNAs) can be ordered from Bio-Synthesis (Lewisville. TX). or 
Applied Biosystcms (Foster City. CA). 
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3. Cells: Chinese hamster ovary cells. 

4. Vectors: FLuc' from pGL3-Basic Vector (Promega. Madison. WI). 

5. Cell media—for Chinese hamster ovary cells: Ham's F12 medium with 10% of fetal 
bovine scrum. 2 mAf of L-glutaminc. 

6. For TFO-binding assay. Subheading 3J.: triplex-binding buffer 10 mAf of Tris-HCl 
(pH 7.6). 0.1 mAf of MgCl 2 ( see Note 1). 1 mAf of spermine, and 10% of glycerol (with 
or without 140 mAf potassium). 

7. For restriction protection assay. Subheading 3.4.: lysis buffer: 50 mAf of TYis-HCl 
(pH 7.5). 20 mAf of EDTA. 100 a M of Nad. 0.1% of sodium dodccyl sulfate: TE pH 
8.0: 10 mAf of Tris-Hd (pH 8.0). 1 mAf of EDTA (pH 8.0). 

3. Methods 

3.1. Target Site Identification 

TFOs and PNAs bind with high affinity to polypurine/polypyrimidinc seque¬ 
nces. The target sequence should therefore be a homopunne run (-80%) with few 
mixed sequences (these decrease binding affinity). By scanning the gene of inter¬ 
est. these homopurinc stretches can be identified and TFOs that bind in cither a 
parallel or antiparallcl orientation can be designed as discussed in Subheading 

3.2.1. (Fig. 2A). TFO-binding sites should be typically 14-30 bp in length, and 
PNA-binding sites should be at least 8-10 bp in length. It may be necessary to iden¬ 
tify several possible target sites as some may be more accessible to triplex forma¬ 
tion than others owing to chromatin structure. It is also important to note that if 
pso is to be conjugated to the TFO (to silc-spccifically induce crosslinks) then the 
target site should contain a 5' TpA site at either the 5'- or 3'-cnd of the polypurine 
run. Target sites may include regulatory regions of the gene of interest, which may 
be effective for modulating gene expression. 

3.2. Design and Synthesis 

After selecting a target site, several molecules can be designed and synthesized 
to bind or alter the target. Below are the guidelines that will help to determine which 
molecule will work best (Fig. 2B). 

3.2.1. Triplex-Forming Oligonucleotide (See Note 2) 

1. For A-rich target sites, the pyrimidine motif is preferred and requires TFOs contain¬ 
ing C and T or their analogs (C* will form Hoogstccn bonds with a G in a G:C base 
pair, and T with the A in an A:T base pair [Fig. 1]). These TFOs will bind in an ori¬ 
entation parallel to the purine-rich strand of the target duplex. 

2. For G-rich target sites, the purine motif is prcfeircd and requires TFOs containing A (or 
T) and G or their analogs (G forms Hoogstccn bonds with the G in a G:C base pair and 
A or T with the A in an A:T base pair). These oligos will bind in an antiparallel orien¬ 
tation. forming reverse Hoogstccn bonds, with the polypurinc strand of the duplex. 

3. To induce targeted crosslinks at the triplex site, pso can be conjugated on the 5’- or 
3’ end of the TFO using pso phosphoramidates. 
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Fig. I. (A) Schematic of triplet base pairing during triplex formation in both the purine 
(A A:T and GG:C) and pyrimidine motif (T A:T and C*G.C). <B) Chemical structure of 
PNA vs DNA (reprinted with permission from ret 49). 
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4. TFOs containing backbone or base modifications as described in Subbeading 1. can 
also be synthesized to create a molecule with a high binding affinity to the target site. 

3.2.2. Peptide Nucleic Acid 

1. Most often a tor-PNA clamp containing two pyrimidine PNAs connected by a flexible 
linker (8-amino-3.6-dioxaoctanoac acid (0]> is used for targeting. This molecule is ori¬ 
ented N-tcrminus to C-tcrminus (Fig. 2B). 

2. To aid in strand invasion, several lysine residues can be put on the duplex-forming 
strand of the bu-PNA. These positive charges have also been shown to facilitate 
uptake into cells (41). Other conjugates such as the cell-penetrating peptides trans¬ 
activator of transcription, the HIV transactivator of transcription, and antennapedia. 
the third helix of the Drosophila homcodomain transcription factor, have also been 
shown to increase uptake of PNA 142). 

3. To overcome the pH dependence of N3-protonation of cytosine, pscudoisocytosinc (J) 
can be used in place of cytosine in the Hoogstccn strand. This I base forms two 
Hoogstecn bonds with a G:C base pair (43). 

3.2.3. Donors 

1. Single-stranded donors can be 30-2000 bases in length and can be homologous to 
any region within 750 bp of the triplex site (see Note 3) (39). 

2. Antisense (binding to the sense strand of the DNA) or sense (binding to the antisense 
strand of the DNA) donors can be designed (see Note 4). 

3. Donors can be synthesized by Midland Certified Reagent Company (see Subheading 
2.. step I) or long double-stranded donors can be synthesized by PCR amplification 
of a plasmid. If donors arc ordered from Midland, the first and last three bases should 
be attached through phosphorothioatc linkages to inhibit nuclease degradation. 

4. When designing a donor, desired sequence changes should be kept toward the center of 
the oligo. and a sufficient number of bases must be on cither side of the mismatch to 
allow for homologous recombination within the target (Fig. 2A.B). 

3.3. Evaluation of Binding Under Physiological Conditions 

3.3.1. TFO-Binding Assay 

1. To evaluate the binding of a TFO. a gel mobility shift assay is used. For this, a syn¬ 
thetic duplex containing the potential TFO-binding site should be designed. To do 
this, complementary oligomers containing the target sequence can be annealed to 
form duplexes. 

2. The duplex DNA can then be 5' end-labeled using T4 Polynucleotide kinase and (y- 
,2 P) dATP in the reaction. Typical reactions contain KHM duplex (final concentra¬ 
tion) in a total volume of 20 pL. 

3. Next dcctrophorcsc the duplex on a 15% polyacrylamide gd to purify - . Following 
dcctroclution of the duplex, add this purified duplex to a Ccntricon-3 column 
(Milliporc. Bedford. MA) to concentrate (as per the manufacturer's instructions). 
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y AG0AAGO3AG $* 

5' ACT7GG3TGG 7GCGTCTCTC CCAGGAATCA TCTTTACCAG AGGAAGGAG CTGGTGGTGC 
3* TGAACCCACC ACGCAGAG/G GGTCCTTAGT A3AAATGGTC TCCTTCCCTC GWCACC/CG 


O JTJTJJTJTJ 

K % GAGAGGAGAG 

V 0 CTCTCCTCTC * CCGAATAGAA GTGGTGATAC TAACAAATAA 5 

TTAATG3CAC TCTACTGTOA GGCTTA7CTT CACCATCATG ATTGTTTATT 3' 

AATTAODGTG CACTCCTCTC AGATGACACT CCGAATAGAA GTGGTAGTAC TAACAAATAA 5' 

B 

TFO acqoofKC: 5 r GAGGGAAGGA 3* air*^o 

PMA WQjOfX* NHo - JTJTJJTJTJ - Ihke* - CTCTCCTCTC - COOH 

Dome sequence: V AATAAACAAT CAT^GGTG AAGATAAAGCC X 



Co* < ocit4 to* 


Fig. 2. (A) Sample sequence depicting binding of a purine-rich TFO. a Ms-PNA. and 
an antisense donor. (B) Sequence and orientation of the TFO and M$-PNA that would be 
synthesized to bind to the target sites in A. The single-stranded DMA donor depicted 
would be used to mutate the underlined site from TC to GA. (C) Example of a TFO-bind- 
ing gel-shift assay. Duplex DMA containing the target site was radiolabeled w ith 32 P and 
incubated with the indicated amounts of the corresponding TFO. (D) Schematic diagram 
of the luciferase assay. The diagram depicts AG30, a polypurinc TFO. and dTC18. a 
polypyrimidinc TFO. binding to their respective target sites. When a donor containing 
the wild-type sequence of the luciferase gene is introduced, it can correct the stop codon 
mutation (as indicated by the inverted triangle (▼]) by triplex-induced homologous 
recombination (reprinted with permission from ref. SO). 
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4. Incubate the duplex DNA at 37 D C for approx 12-24 h in a series of reactions contain¬ 
ing increasing concentrations of TFO in triplex-binding buffer. A typical reaction is 
20 pL. with 2 pL (I0- 6 At) of labeled duplex and 2 pL of 10-fold dilutions of TFO 
(lO-'MO- 7 M). 

5. Next, tun the binding reactions on a 12% native (19:1 acrylamidc:/>i»-aeryTamidc) gel 
at 60-70 V in 89 m M Tris. 89 mA# of boric acid with 0.1 mVf of MgCl to thieve sep¬ 
aration of the triplex structures from the duplex. 

6 . The gel can then be imaged with a Phosphorlmager (Amersham Bioscienccs. 
Piscataway. NJ) to quantify - the band shift. This data can be used to calculate the dis¬ 
sociation constant of the TFO-binding to the target site (Fig, 2C). which represents 
the concentration at which binding is half-maximal. 

3.3.2. PNA-Binding Assay 

1. In Eppendorf tubes add the PNA at concentrations ranging from 0 to 1 p*f. 2 pg of 
plasmid DNA containing the target site flanked by known restriction enzymes. KC1 
to a final concentration of 10 pM. and TE to a final volume of 10 pL. 

2 . Place these tubes at 37 : C overnight. 

3. The next day. digest the entire reaction (tube) in a 20 pL digest with the restriction 
enzymes flanking the binding site (see Note 5). Allow the reaction to digest for 1-2 h at 
the enzyme-specific temperature. 

4. Add DNA loading dye to each sample and run them on a 10% of polyacrylamide gel 
until bands arc well separated. To visualize the resulting gel shift, stain with silver stain 
(sodium borohydrate 0.1% silver nitrate [Sigma Aldrich. St Louis. MO)) (see Note 6). 

5. Expected result: at 0 pM. only a single band representing the duplex fragment contain¬ 
ing the target site should be seen. As concentrations of PNA increase, there should be 
a shift in the band corresponding to binding. 

3.4. Evaluation of Intracellular Binding: Restriction Protection 
Assay/Southern 

Several strategics exist to physically evaluate intracellular binding of a TFO or 
PNA to the target site. If pso is conjugated to the TFO or PNA. a restriction pro¬ 
tection assay, a denaturation resistance assay or a PCR-based assay (44) can be 
used. In this chapter the first two methods will be described in detail. 

1 . For this assay, a restriction enzyme (c.g.. Bam HD recognition site overlapping the tar¬ 
get site is necessary. 

2 . Cells containing your target site should be used. 

3. Design and synthesize a pso-TFO that will bind to the target site and direct a crosslink 
to a position within the restriction enzyme recognition site. Transfect 2-5 pg of this pso- 
TFO into cells containing the chromosomal target site (see Note 7). 

4. Incubate cells at 37"C for 2-6 h posttransfccrion and then irradiate for a total dose of 
1.8 J/ern 2 of ultraviolet A (UVA) irradiation (UVA light source centered at 365 run; 
Southern New England Ultraviolet. Branford. CT). This will allow pso photoaclivation 
to crosslink the pso-TFO to the duplex DNA. 
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5. Immediately following UVA irradiation, wash the cells with phosphate-buffered 
saline and resuspend in heated (&TC) lysis buffer at a concentration of 5 x 10 6 cclLs/mL 
for 15 min. 

6. Treat with proteinase K at a concentration of 100 pg/mL overnight at 37°C. 

7. Extract the genomic DNA by addition of phenol to the lysates once, followed by two 
extractions with chloroform/isoamyi alcohol (24:1). Ethanol precipitate the DNA and 
resuspend in TE pH 8.0 and 100 mM of KC1 (-100 pL). 

8. Incubate samples at 60*0 for 2 h to disrupt noncovalcnt triplexes and remove by 
filtration through a Ccntricon column (Milliporc) as per manufacturer's instructions 
(see Note 8). 

9. Digest the genomic DNA with the appropriate restriction enzyme (c.g.. Bum HI) and 
two restriction enzymes that will cut out a defined fragment containing the target site. 

10. Analyze the DNA by Southern blot using a designed probe to identify - the fragment. 

11. Expected result: if crosslinking occurred at the target site, the pso adduct in the 
Bam HI site will block cleavage at this site. The product resulting from the restriction 
protection of the BamHl site can be visualized and quantitated in comparison with the 
extent of the Bum HI digestion products. This can then be used to quantify - TFO- 
dircctcd pso adduct formation in the target 

3.5. Evaluation of Intracellular Binding of Pso-TFOs: Denaturation- 
Resistance Assay (45) 

1. Cells containing the endogenous gene or a chromosomally integrated exogenous 
gene can be used in the follow ing assay. 

2. Design and synthesize a pso-TFO. which binds to the target, and transfect 2-5 pg into 
cells (see Note 7). 

3. Repeat steps 4-7 as written in Subheading 3.4. 

4. Digest 10-20 pg of genomic DNA with flanking restriction enzymc(s) that will cut 
out the target region. 

5. Denature the digested DNA by heating in a solution of 90% formamide (to a final 
concentration of -80%) to 80*C for 15 min. 

6. Electrophorcse the samples in a neutral 1.5% TAE agarose gel. 

7. Transfer the DNA from the gel to a nylon filtcr/racmbranc by Southern blot and 
hybridize the membrane with a ''P-labclcd probe that contains the target region. 

8. Expected results: once denatured, uncrosslinkcd DNA fails to reanneal after it enters 
a neutral environment, whereas crosslinkcd DNA will "snap back" to reform a 
duplex. Denatured crosslinked DNA when run in a neutral gel will migrate at the 
same rate as nondenatured DNA. whereas uncrosslinkcd DNA will migrate faster. 
The relative amount of the denatured (fast migrating) and the snap back (slow migrating) 
bands can then be quantified as a measure of target site crosslinking. 

3.6. Evaluation of Induced Recombination: Luciferase Assay (40) 

A luciferase assay was created to evaluate triplex-induced gene correction by 
homologous recombination. The Flue reporter gene can be engineered to contain 
the target site from any gene (TBS) upstream of the coding region of luciferase. 
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This wild-lype construe! can then be mutated through site-directed mutagenesis 
to insert a stop codon mutation within the Flue coding region, which will pre¬ 
vent full translation of the gene. When a TFO or PNA binds to the TBS. it can 
stimulate recombination between an introduced DNA donor and the luciferase 
gene to correct the mutation. Site-specific recombination can then be evaluated 
based on the luciferase enzyme activity in the cell lysates when compared with 
a standard curve, which can be created by mixing cell populations containing the 
chromosomally integrated wild-type or mutant construct. This reporter system 
can be used as a model for recombination at any chromosomal gene of interest. 
By placing the TBS of the target gene upstream of the luciferase gene, a con¬ 
struct is created that can be chromosomally integrated to create stable cell lines. 
These cell lines allow for systematic testing of various DNA-binding molecules 
for their effects on recombination at chromosomal targets. This assay can be 
used as an intermediate to evaluate induction of homologous recombination at a 
chromosomal target by a DNA-binding molecule at a specific target site and 
allows for quantification of this induction. Figure 2D depicts how this reporter 
is used to measure triplex-stimulated recombination by TFOs. 

1 . A construct containing the TFO target site upstream of the start site of the wild-type 
firefly luciferase gene. FLuc'. A stop codon can then be created at varying distances 
from the target site (24-750 bp) 140) using site-directed mutagenesis (QuikChange 
Site-Directed Mutagenesis Kit. Stratagcnc. LaJolla. CA). Vector containing the wild- 
type Flue' should be used as a control. 

a Donors arc designed containing correct wild-type sequence (-50-mer 139)—see 
Subheading 3. for synthesis and design), 
b. TFO designed to bind to target site. 

2 . Wild-type and mutant cell lines can be stably created using the above constructs, 
a Determine that the construct is integrated in a single copy by Southern blot. 

3. Mix wild-type and mutant cells in fixed ratios to establish standard curves. 

a Dilute mutant cells to a concentration of 1 x 10 5 ccllsAnL and seed 50,000 mutant 
cells per well into a 12-wcll plate. Dilute wild-type cells to 5 x 10 4 cclls/mL, 
serially dilute cells and add to the wells containing the mutant cells. 

b. Grow cells 48 h and then harvest and lyse. Analyze lysates as described in step 8. 

c. This standard curve can be used to normalize the experimental data and allow for 
quantification of recombination frequencies. 

4. 24 h before transfection seed 12-wcll plates with wild-type or mutant cells so they 
will be approx 50'S confluent the day of transfection. 

5. The following day cells arc transfected using Gencportcr 2 (Gene Therapy Systems. 
San Diego. CA) according to manufacturer's instructions delivering various concen¬ 
trations of donor and TFO to each well (see Note 9). 

6 . Incubate the cells for 24-48 h at 37 "C to allow for cellular repair and recombination 
processes to occur. 

7. 48-h posttransfcction. rinse the cells two times with phosphate-buffered saline (Gibco 
BRL Carlsbad. CA) and then lyse cells with 250 pL of IX passive lysis buffer 
(Promcga). 
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8 . Assay lucifcrasc aciivily (gene concclion) using the Promega Dual Lucifcrasc Kit 
(Piomcga) and a luminomctcr (Bcrthold Technologies [Oak Ridge. TN)). as pci man- 
ufacturci's instiuctions. 

9. Expected result: if TFO-indiKcd recombination between the donor and the gene 
occurred, conccdon of the stop codon would have taken place. This would restore 
tran-slation of a fully functional Luciferose gene, resulting in lucifcrasc activity 
above levels seen in mock transfected cells or cells treated with donor alone. 

3.7. Evaluation of Target Cene Correction/Mutagenesis: Cenotype 
Analysb by Allele-Specific PCR (46,47) 

Alter treating cells containing the target gene with TFO. PNA. and/or donor DNA. 
gene correction or mutation can be detected by allele-specific PCR. Harvest genomic 
DNA from the treated cells using Promega’s Wizard SV Genomic DNA Purification 
System and dilute it to approx 50 pg/pL. A forward primer can be designed with its 
2' end containing the desired mutation, and the reverse primer should be similar in 
length and T m . Add 50 ng of the genomic DNA to a 25 pL PCR reaction and a gradi¬ 
ent rim to determine the optimal annealing temperature of the primers. Plasmids con¬ 
taining the wild-type and mutant gene can fcc used as control templates (mutations can 
be introduced into the wild-type gene with site-directed mutagenesis [QuikChange 
Site-Directed Mutagenesis Kit Stratagenc)). Expected results: a band should be pres¬ 
ent on the gel in lanes with mutant template and no bands for wild-type DNA (see 
Note 10). 


4. Notes 

1 . These conditions arc used to test binding under physiological conditions. 

2 . All TT-Os should be synthesized with a 3' end cap of amine groups to prevent degra¬ 
dation by 3' cxonuclcascs. 

3. Optimal donor length will vary from site to site often making it necessary to try var¬ 
ious lengths (39). 

4. Certain targets can be more sensitive to recombination with a sense or an antisense 
donor. In some cases it may be necessary to test both types of donors for recombina¬ 
tion efficiencies. 

5. For best results the digest should result in a 150-200-bp band. 

6 . Multiple bands may be seen in the gel shift owing to the formation of various 
PNA-DNA triplex structures (48). 

7. Any transfection method can be used for this, for example, digitonin pcrmeabiliza- 
tion. electroporation, or cationic lipids. It may be necessary to test several methods to 
determine which will give the highest efficiency and lowest toxicity in your specific 
cell type. 

8 . The Centricon column size will vary depending on the size of the duplex and/or TFO. 
Please check the manufacturer's specifications to determine which column size is 
right for you. 
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9. Control reactions containing only donor DNA should also be run to evaluate the 
effect of the TFO. 

10. When testing for a mutation by allele-specific PCR using genomic DNA. 40 cycles 
should be used. Alternatively, real-time PCR can be used for a more sensitive measure 
of PCR products. 
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Allelic Exchange of Unmarked Mutations 
in Mycobacterium Tuberculosis 

Marlin S. Pavelka, Jr. 


Summary 

My«-bucterium tuberculosis has been sludictl vine* the 19th century, but genetic manipulabcm 
ol this organism has only become posable withan the hut decade o t the 20th century. One key 
methodology is the allelic exchange of unmarked, m-lrame deletion mutations and point mutations 
using counter-selec table suicide plasmids. I describe below the challenges ol allelic exchange in 
M. tuberculosis, the overall mechanism of a suicide vector system, and how it can he used lor etlkienl 
allelic- exchange in this lotmally intractable organism. 

Key Words: Allelic exchange; counter-selection; electroporation; Mycobacterium tuberculosis. 
mutagenesis. sacB\ sucrose. 

1. Introduction 

Experimental manipulation of Mycobacterium tuberculosis, the causative 
agent of the disease tuberculosis, has traditionally been plagued with difficulties. 
The organism has a slow growth rate of approx 18 h. takes 3-4 wk to form 
colonics on solid media, has a tendency to aggregate in liquid culture, and must 
be handled in a biosafety level three facility. These problems slowed the progress 
of mycobacterial genetic tool development until the 1990s and early 21st century, 
when an explosion of research yielded new plasmids, electroporation methods, 
allelic exchange methods, transposon mutagenesis, antibiotic markers, and new 
mycobacteriophagc-bascd tools to introduce a variety of DNA molecules into 
mycobacterial cells, reviewed in refs. I and 2. 

There were several obstacles in the development of allelic exchange methods 
for M. tuberculosis. Earlier attempts of allelic exchange in the closely related 
organism M. bovis Bacillus Calmette-Gucrin using short, linear, double-stranded 
DNA molecules were problematic owing to the high degree of illegitimate recom¬ 
bination relative to homologous recombination (3). Illegitimate recombination is 
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also a problem in M. tuberculosis . but in spite of this, the first allelic exchange in 
this organism was eventually accomplished using long, linear, double-stranded 
DNA molecules (-50 kb in size) introduced by electroporation (4). The rationale 
behind the use of long, linear DNA molecules for allelic exchange developed 
from the idea that recombination in the organism was not efficient, and that 
providing a larger amount of homologous DNA with free ends could stimulate 
homologous recombination. This method was laborious and it was soon discov¬ 
ered that the construction of the long recombination substrates was often difficult, 
if not impossible, for certain genes. Subsequently, it was shown that DNA recom¬ 
bination in this organism is not inherently faulty, and that the primary barrier to 
allelic exchange in M. tuberculosis is probably the entry of DNA into the cell (5). 

Methods for allelic exchange in M. tuberculosis that used suicide plasmids 
with counter-selectable markers such as sacB (based on sucrose sensitivity) met 
with great success (5-7), as did a mycobacteriophagc-based method to introduce 
recombination substrates carried within the genome of a temperature-sensitive 
phage (8). The drawback of the phage method is that the gene of interest must 
be marked with an antibiotic resistance cassette. The use of suicide plasmids with 
counter-selectable markers allows one to perform allelic exchange using an 
in-frame deletion or point mutation allele of the gene under study. 

This chapter will describe the rationale and the methodology to construct 
unmarked mutations in the Af. tuberculosis genome. The plasmid used for this 
basic system is shown in Fig, 1. The general mechanism for allelic exchange is 
shown in Fig, 2. 

2. Materials ( See Notes 2 and 3) 

1 . Middlcbrook 7H9 liquid medium or 7H10 solid medium (Bccton, Dickinson and 
Company. Franklin Lakes, NJ). each containing IX albumin-dcxtrosc-salinc (ADS) 
supplement. 0.2% (v/v) glycerol, and 0.05% (v/v) Tween-80 ( see Note 4). 

2 . I OX ADS: this is prepared as a 10X concentrated stock solution (5% [w/v] bovine 
serum albumin fraction V [Roche Applied Sciences. Indianapolis. IN). 2% [w/v] 
dextrose. 8.5% [w/v] NaCl). We typically prepare 1-3 L at a time. The albumin is 
slowly added until it is dispersed in the water. Take care to not add the albumin all 
at once, or else it will clump and be difficult to dissolve. Let it stir for several hours. 
We typically place the beaker in a 4 C C cold room and stir overnight. After the albu¬ 
min has gone into solution, add the dextrose and NaCl and stir until they have dis¬ 
solved. The stock must then be centrifuged at \200g for 1 h (see Note 5). Decant 
the stock solution from the insoluble material and filter through a 0.2 pm filter using 
a prcfiltcr. as supplied by the manufacturer. The prefilter is important for blocking 
out any remaining insoluble particulates. Incubate the finished l OX ADS stocks 
overnight at 37°C to confirm that they arc sterile, then store at 4°C. When prepar¬ 
ing 7H10 solid media, warm the 10X ADS in the same water bath that is used to 
temper the media to 50-55 c C. Do not add the ADS hot media as the protein will 
denature. Add a sterile stir bar to the flask and stir well after addition of the ADS. 
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Fig. 1. Countcrsclcctablc allelic exchange vector pYUB6S7 (5). The backbone of this 
vector is a double K-eos cosmid cloning vector, has a ColEl origin of replication for 
E. coli. the bla gene for selection with ampicillin in E. toll, the hyg gene, for selection 
with hygromycin in mycobacteria, and the saiB gene driven by the mycobacterial 
groEL promoter, which confers sensitivity to sucrose. The tacB gene encodes a secreted 
levansucrasc from Bacillus subiilis that cleaves sucrose into glucose and fructose and then 
polymerizes the fructose. The enzyme is not fully secreted in mycobacteria and thus, fructose 
polymers arc believed to accumulate in the cell envelope with lethal consequences 
(11.12). Usable cloning sites arc shown (see Note 1). 

Do not open the 10X ADS bottle outside of a biosafety cabinet. After the warmed 
ADS has cooled, a vacuum will form in the airspace above the solution and opening 
the bottle will allow air to enter, which often brings with it microbial contaminants. 

3. 50'S Glycerol stock: make a 50% (vA) stock of glycerol in deionized, distilled w ater 
and sterilize by autoclaving. We have noticed no stability problems with glycerol 
stocks stored at room temperature for several months. 

4. 20% TVcen-80 stock: made by adding 20 mL of Tween-80 to 80 mL of deionized, 
distilled water (20% v/v). Mix well with a stir bar and sterilize by filtration with a 0.2 pm 
filter. It is best to filter this solution into a sterile glass bottle with a phenolic cap. as 
TWcen-80 will eventually weaken the cap on most plastic filtration units, causing it 
to crack. Contrary to common belief. Tween-80 is not light sensitive. It is stable at 
room temperature for long periods of time; however, discard the stock if a precipitate 
appears on the bottom of the bottle. 
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Rg. 2. AUclit exchange with countcrsdcclion. Hus description uses a deletion allele, hot 
the same rationale applies to point mutations. The suicide plasmid based on pYUB657 
contains an unmarked deletion allele of geneX with approx 1 kb of homologous DNA 
flanking each side of the gene. The plasmid confers hygromycin resistance and sucrose 
sensitivity. Introduction of the plasmid into M. tuberculosis and selection for hygromycin 
resistance will yield primary recombinants in which the plasmid has integrated on one side 
or the other of the wild-tvpc gene in the chromosome. Because the plasmid docs not have 
an origin of replication for mycobacteria, any hygromycin-rcsistant clones must be the result 
of a recombination event. The frequency of recombination, based up on comparison with the 
transformation efficiency with a replication plasmid, is on the order of 10 5 . All Hyg" clones 
should also be sensitive to sucrose (Sue 5 ). A primary recombinant is then grown in liquid 
media lacking antibiotics and sucrose until saturated. During this period, the duplicated 
homologous regions can undergo a secondary recombinations! event in which the interven¬ 
ing plasmid DNA loops out of die genome, taking cither the wild-type or the mutated 
sequences with it The new plasmid will eventually be lost and the resulting population will 
be Suc s and have cither the wild-type gene or the mutated allele in the chromosome. The 
frequency of this secondary recombination is rather low. on the order of 1C 4 relative to the 
viable cell count, and so, to select for these clones the population of cells is plated onto 
media containing sucrose. Those clones that have not undergone a secondary recombina¬ 
tions! event will be killed whereas the secondary recombinants that lost the integrated 
suicide vector and the sacB gene will survive. Approximately 50% of the Sue* population 
will have the wild-type gene, whereas the remainder will have the mutated allele. These arc 
then identified by phenotype (if possible) and verified by polymerase chain reaction or 
Southern blot, and in the case of point mutations. DNA sequencings. 
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5. Middlcbrook 7Hl(Vsucrosc: made by adding sucrose from a 30% (w/v) stock to a 2% 
(v/v) final concentration in 7H10 media that has been autoclaved and tempered to 
50-55 : C. Adjust the volume of water accordingly to compensate for the added 
volume of sucrose. Make sure that you have a sterile stir bar in the flask and stir well 
after the addition of sucrose. Failure to do so will result in a gradient of sucrose 
concentration across the batch of plates. 

6. 30% Sucrose stock: make a 30% (w/v) sucrose stock in water and filter sterilize by 
filtration through a 0.2-(im filter. We have noticed no stability problems with sucrose 
stocks stored at room temperature. 

7. Hygrocnycin: SO pg/taL final concentration from a 50 mg/mL commercially prepared stock 
in phosphate-buffered saline (Roche). We have not noticed any problems with stability of 
this antibiotic when the stock is stored at 4°C as per the manufacturer's recommendation. 

8. 10% Glycerol (v/v) made in deionized, distilled water and filter sterilized. This solu¬ 
tion can be autoclaved, but to reduce the use of glass bottles in our BSL-3 facility we 
filter (0.2 pm) sterilize the solution in plastic. Store at room temperature. 

3. Methods 

3.1. Bacterial Cell Culture 

1. Thaw a frozen 1 mL aliquot of M. tuberculosis H37Rv (see Note 6) stock at room 
temperature and transfer to a 30-mL media bottle (Nalgcnc. Rochester. NY) contain¬ 
ing 10 mL of Middlcbrook 7H9 media. Incubate at 37"C with slow shaking (100 rpm) 
until saturated (-5 d). Subculture 1:50 into 100 mL of Middlcbrook 7H9 in a 490 cm 2 
roller bottle (Coining. Coming. NY) and incubate at 37°C on a roller apparatus set for 
8-10 rpm for 5-7 d. until the OD^ of the culture is between 0.5 and 1.0. Cheek the 
optical density of the culture two days before your planned electroporation, to ensure 
that the cells are doubling (see Note 7). 

3.2. Electroporation and Plating (See Note 8) 

1. TVansfcr cells to two 50-mL conical tubes, pellet cells at 2000g for 5 min at room 
temperature. 

2. Gently wash each tube of cells with 40 mL of room temperature 10% sterile glycerol 
solution by pipeting. Do not vortex cells (see Note 9). 

3. Pellet cells 2000g for 5 min. 

4. Resuspend cell pellets in 10 mL of 10% glycerol for each and combine into a single 
tube. Add additional glycerol to a final volume of 40 mL. 

5. Pellet cells 2000g for 5 min. 

6. Resuspend cells in 1 mL of 10% glycerol (l/100th the original culture volume). 

7. Add the suicide plasmid DNA (at least 1 pg. see Note 10) to the inside wall of the 
electroporation cuvet (0.2 cm gap) and then carefully pipet 100 pL of cell suspension 
into the drop of DNA. letting the liquid run down the inner wall of the cuvet. 

8. Cap the cuvet, tap it gently a few times to settle the cells, and then electroporate 
at room temperature. We use a BioRad Gene Pulscr set (Bio-Rad Laborotorics. 
Inc., Hercules, CA) for 2500 mV. 25 pF. and 1000II. The time constant should be 
around 20 ms (see Note 11). 

9. Add 1 mL of Middlcbrook 7H9 media to the cuvet and transfer the cell suspension to 
a 15-mL conical tube using a 6-in. sterile glass Pasteur pipet (see Note 12). 
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10. Repeal the electroporations with the suicide plasmid for a total of 5-10 electroporations 
(see Note 13). 

11. Perform two control electroporations, one without any DNA added, and the other 
with a plasmid bearing a mycobacterial origin of replication and the hygromycin 
resistance marker (see Note 14). 

12. Incubate tubes at 37°C in a 100 tpm shaker overnight. 

13. The following day. plate dilutions of the replicating vector, (positive control) out to 
10' 5 on Middlcbrook 7H10 media containing hygromycin at 50 pg/mL. and plate 
dilutions of the DNA negative control out to 10 * on 7H10 media without antibiotic 
to check the viability of the cells. Plate the remainder of the negative control onto 
7H1 Chygromycin media to check for spontaneous hygromycin resistance (use 200 pL 
per plate). Finally, plate out each suicide vector electroporation over five plates, using 
200 pL per plate (see Note 15). 

14. Incubate plates, wrapped in foil or encased in metal Petri dish cans for 3-4 wk at 
37°C (see Note 16). 

3.3. Screening of Primary Recombinants, Growth of Secondary 

Recombinants 

1. Record the number of transformants obtained with the positive control replicating plas¬ 
mid. viable counts, and spontaneous hygromycin resistance frequency (see Note 17). 

2. Subculture (by streaking) the Hyg* primary recombinants onto 7H10 media supple¬ 
mented with 2% sucrose to test for sucrose sensitivity and streak onto 7H1Q/Hyg 
media for working stocks. Incubate plates, wrapped in foil or encased in metal Petri 
dish cans for 3 wk at 37°C. 

3. Simultaneously, subculture each of the Hyg* primary recombinants into 10 mL of 
7H9 broth lacking sucrose and hygromycin in 30-mL media bottles and incubate at 
37°C on a 100 rpm shaker until the culture is saturated, which should take about a 
week (see Note 18). 

3.4. Sucrose Selection and Screening Secondary Recombinants 

1. Plate dilutions of the primary recombinant cultures out to 10~ 3 (in duplicate) on 7H10 
media containing 2% sucrose. Incubate plates, wrapped in foil or encased in metal 
Petri dish cans for 3-1 wk at 37=C (see Note 19). 

2. Screen Sue* clones for hygromycin resistance on THHVHyg 50 . and resercen onto 
7Hl(Vsucrosc to confirm and to identify the Sue* Hyg 3 secondary recombinants 
(see Note 20). 

3. Screen Suc R . Hyg 3 secondary recombinants (by phenotype if possible), polymerase 
chain reaction, and Southern blot 

4. Notes 

1. It is best to maintain pYUB657 in Escherichia coli using media containing ampicillin 
and hygromycin each at 50 pg/mL. We have found that using ampicillin alone can 
lead to deletion of the hyg gene in a substantial number of clones. This also applies 
to construction of allelic exchange plasmids in this vector and to subculturing clones 
for DNA preparation. 
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2. One of the major dclcnninants in grow ing M. tuberculosis appears to be water quality. 
Poor quality water often results in cultures that clump prematurely, cells that do not 
grow well and do not transform well. We have found problems with using house- 
supplied 18 megohm deionized distilled water for work with M. tuberculosis. Using 
media and solutions made with high-performance liquid chromatography grade 
water, which typically has a higher conductivity than 18 megohm water but is low in 
organic contaminants, has solved the problems we have had with our house-supplied 
water. We hypothesize that this water can become contaminated by organic contami¬ 
nants leaching out of the filtration system and that M. tuberculosis is sensitise to these 
contaminants. 

3. All solution and media preparation should be performed in a biosafety cabinet to 
prevent contamination with airborne organisms. It is a good standard procedure to 
have a dedicated set of solutions and reagents to be opened only within the confines 
of a biosafety cabinet. This precaution is important because of the slow growth rate of 
Af. tuberculosis. Pouring plates on an open bench can invite contaminants that will 
overgrow in the media during the long incubation times. 

4. Tween-80 is used in liquid media to prevent clumping of the mycobacteria and is not 
required for solid media. However, the inclusion of TWccn-80 in solid media makes 
the usually crumbly M. tuberculosis colonics softer and easier to pick up with a loop 
or toothpick. In addition, because mutants arise during growth in liquid media with 
Tween-80 and arc then plated onto solid media, it may be important to have Tween-80 
in the solid media as the mutants may be dependent on the detergent for growth. Such 
was the case for the construction of lysine autotrophs of Af. tuberculosis (5). 

5. This is an important step to ensure that any insoluble aggregates arc removed from 
the suspension, for if they remain, they w ill clog the filter during the sterilization step. 

6. Electroporation efficiencies vary between strains of M. tuberculosis . with H37Rv 
having one of the best, with transformation efficiencies of 10 s colony-forming units 
per electroporation. We have found that other strains, such as CDC1551 (CSU93) and 
strain Erdman. do not yield as high a transformation frequency. When using such 
strains, one can use a counter selectable plasmid system based on a replicating 
vector with a tcmpcraturc-scnsitivc mycobacterial origin of replication (6). The permis¬ 
sive temperature for this plasmid is 32°C and the non permissive temperature is 39 D C. 
Using a conditionally replicating sector relieves the requirement for high transformation 
efficiency. A drawback to this approach is that selection for the A/, tuberculosis trans¬ 
formants is done at 32°C. which only yields colonics after 9-10 wk. as this temper¬ 
ature is below the optimal temperature for growth. 

Another way to circumvent low transformation efficiencies is to increase the rccom- 
binogenicity of the input plasmid DNA by irradiation of the DNA with ultraviolet 
light before electroporation 19). 

7. Af. tuberculosis cultures will occasionally undergo cycles of lysis or clumping, resulting 
in oscillating readings for optical density. These cultures usually do not transform 
well. Because of this potential problem, it is prudent to cheek the optical density of 
the culture a few days before the culture will be used, to make sure that it is growing 
and doubling about every day. 

8. Most electroporation protocols insist that the cells, solutions, and cuvets be kept on 
ice. This is not necessary: in fact, doing electroporations at room temperature may aid 
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the DNA in traversing the lipid portion of the mycobacterial cell envelope by keeping 
the envelope more fluid than if the cells are ice-cold. 

9. Washing the cells should be done gently, by pipedng and not by shaking of vortexing. 
If the cell suspension is vigorously agitated, the cells will clump and trap air. These 
clumps will be very difficult to pellet and will both float and coat the sides of 
the centrifuge tube, resulting in a dramatic decrease in cell pellet yield. 

10 . We find that transformation of bacteria with a replicating plasmid begins to saturate 
with about 100-200 ng of DNA. depending on the species and the type of plasmid. 
We use at least 1 |ig of suicide plasmid DNA per electroporation, to ensure that any 
cell that is capable of taking up DNA through transient pores can take as much as 
possible. The DNA should be of high quality’ and in sterile water, preferably prepared 
using a Qiagen system (Qiagen Inc., Valencia. CA). 

If an allelic exchange is particularly difficult, more DNA can be used up until the 
quantity begins to effect the electroporation by salt carryover. We think that the 
additional DNA docs not enter additional cells, but that more DNA enters each cell 
capable of taking up DNA. This would increase the number of plasmid DNA copies 
per cell and increase the likelihood that a plasmid will integrate into the chromosome. 
Dispensing the DNA onto the side of the cuvet takes a steady hand; alternatively, one 
can add the DNA to a microccntrifugc tube and then add the cells, let them sit for a 
minute, then transfer them to the cuvet. Which technique you use is a matter of personal 
preference. We prefer the cuvet method because it has a smaller number of steps, and 
we try to keep manipulations of M. tuberculosis to a minimum in our procedures. 
When using the cuvet method, it is important to add the cells immediately after placing 
the DNA on the side of the cuvet as waiting too long will result in the water evapo¬ 
rating from the DNA drop. This is only a concern if you arc performing multiple 
electroporations. 

11 . The time constant might be lower (15-18 ms) owing to the room temperature electro¬ 
poration. If the DNA has too much salt or the cells were not well washed, the cuvet 
may have a visual discharge (arc) and pop. If this happens, discard the electropora¬ 
tion and repeat, adding 50-100 (lL of 10% glycerol to a new cell and DNA mixture 
in a fresh cuvet. It is not clear why certain electroporations arc. Performing 10 electro¬ 
porations w ith the same cells and the same DNA. we often find that one to two of the 
electroporations will arc. 

12 . When you add the 7H9 media to the cells after electroporation, they will be clumped 
and grainy but do not despair, after a few hours in fresh media the cells will smooth 
out again. A sterile glass Pasteur pipe! is really the safest and easiest way to remove 
the cells from the cuvet, as the glass tip is narrow enough to get most of the suspen¬ 
sion at the bottom of the cuvet. Trying to tip the cuvet and recover the cells with 
a pipetor fitted with a 200-pL tip is difficult and is likely to result in a spill. 

13. As the best transformation efficiency with a replicating plasmid in M. tuberculosis is 
10 s transformants per electroporation, and the frequency of recombination into the 
chromosome is on the order of 10* 5 relative to the transformation frequency, one 
usually finds only a few primary recombinants per electroporation. Thus, it is a good 
idea to do at least five, and preferably 10. electroporations for each mutation. Some 
of the primary clones will be illegitimate (nonhomologous) recombinants and doing 
multiple electroporations will increase the odds that you will obtain a few primary 
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homologous recombinants. We tend to perform the electroporations in sets of five, 
and then adding media to each cuvet and transferring the contents to tubes for out¬ 
growth. Adding media to each cuvet immediately after electroporation is not necessary. 

14. We typically use the hyg-bearing £ lo/l-mycobactcrial shuttle vector pMV261Ayg 
as a control HO). 

15. Because the recombination frequency is so low. it is best to plate out the entire 1 mL 
from each of the transformation mixtures with the suicide plasmid over five plates. 
200 pL per plate. 

16. Do not use lab tape to package the plates together as this can encourage fungal contam¬ 
inants to grow on the tape and then spread into the plates during the long incubation. 
Cheek the plates about once a week to make sure they are not growing contaminants and 
to remove any contaminated plates to limit spread to other plates. Any colony taking 
more than 4 wk to grow is likely slow-growing spontaneous hygromycin-rcsistant 
mutants. We do see such mutants occasionally, but they arc quite rare and usually do not 
appear until at after least 4-5 wk of incubation. 

17. Expect that there will be approx 10 , -10 9 viable colony-forming units with a transfor¬ 
mation efficiency of 10 s hygromycin-rcsistant colonies per electroporation. 

18. The primary recombinants arc streaked out on media to confirm sucrose sensitivity 
and subculturcd to liquid media for outgrowth and development of secondary recom¬ 
binants at the same time because of the slow growth of M. tuberculosis. By the time 
the liquid cultures are saturated, it is usually possible to score the sucrose phenotype 
of the plate subcultures. We usually streak out at least 10 putative primary recombinant 
clones and set up five for broth cultures. The five broth cultures will be plated for 
secondary recombinants. 

19. We plate all five of the broth cultures to ensure that we are working with at least one 
homologous primary recombinant. Some of the primary recombinants will be illegit¬ 
imate recombinants that arose from a nonhomologous integration event. These clones 
do not seem to be able to undergo a secondary recombination event, but can become 
Sue", probably owing to inactivation of the sacB gene (see Note 20. below). However, 
the frequency of Sue® from illegitimate primary recombinants is on the order of 10" 
7 . which is far less than the frequency of Sue" from homologous primary recombi¬ 
nants. which tends to be approx 10"*. So. we disregard those clones that give rise to 
very low Sue" frequencies and work up the others. 

20. As described in the legend to Fig. 2. all of the Sue® clones in the secondary recom¬ 
binant pool w ill be HygS and either mutant or wild-type. This population distribution 
is a theoretical assumption based on having equal amounts of flanking DNA that is 
equally rccombinogcnic. It also assumes that there is no background Sue* in the popu¬ 
lation. However, in reality, the population of Sue® cells also includes clones in which 
the sacB gene is likely to be mutated, either by deletion or interruption by an 
insertion element 

We have found that a substantial proportion <-20-70%) of the Sue® clones have 
sacB inactivated, as revealed by their Hyg® phenotype, indicating that the integrated 
plasmid is still present but that the sacB gene is not functional or deleted. A faster way 
to screen for these so-called "sacB inactivated*' clones is to use a suicide vector with 
an additional scrccnablc marker such as laeZ encoding (S-galactosidasc (for details. 
see ref. 7). in this scheme, the secondary recombinants arc plated on sucrose plates 
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containing the colorometric (3-gal actosidasc substrate 4-chloio-5-bromo-3-indolyl- 
|3-D-galactopyranosidc. Primary recombinants arc blue on this media and Suc s . Any 
secondary clones that lost the integrated plasmid by recombination arc Sue* and 
white, whereas any undcsircd " sacB inactivated" clones arc Sue" and blue, owing to 
the continued presence of the laeZ gene in the integrated plasmid. Screening for the 
antibiotic marker carried on the plasmid backbone would be needed to confirm the 
identity of the clone. 
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Mycobacterial Recombineering 

Julia C. van Kestrel and Graham F. Hatfull 


Summary 

Although Miteunual advances have Ixcn made in mycobacterial genetics over the past 15 yr. 
manipulation of mycobacterial genome* and Mycobacterium tubenulosii in particular, continues to 
be lundcird by problems of relatively poor DNA uptake, slow growth rate, and high levels of ille¬ 
gitimate recombination. In Euhenchia colt an effective approach to stimulating recombination fre¬ 
quencies has been developed called "recombineering." in which phage-encoded recombination 
function* arc transiently expressed to promote ellicient homologous recombination. Although 
homologs of these recombination proteins are rare among mycobacteriophages. we have identified 
one phage. Cbe9e. encoding relatives of bath RccE and RecT of the E. coli rac prophage. Expressnm 
of the CJicVc proteins from an inducible expression system m cither slow- or fast-growing myco¬ 
bacteria provides elevated recombination Irequeonrs and facilitates simple allelic exchange using 
linear DNA substrates. Mycobacterial recombineering. therefore, offers a simple approach for con¬ 
structing gene replacement mutants in M smarmalii and Af. tuberculosa. 

Key Words: Allelic exchange; genetic engineering: mutagenesis, mycobactenophage; Af.ro- 
biulenltm rubenulosa. recombineering. 

1. Introduction 

Genetic manipulation of Mycobacterial tuberculosis is complicated by its slow 
growth rate, tendency of cells to clump, and a relatively high rate of illegitimate 
recombination compared with homologous recombination events (I). Methods have 
been developed for constructing mutants by allelic exchange by electroporation 
of linear DNA molecules, but the combination of inefficient DNA uptake and rela¬ 
tively low host recombination frequencies yields very few desirable recombinants 
(2). Furthermore, in M. tuberculosis, a high proportion (~90%) of the progeny arise 
through illegitimate recombination elsewhere in the chromosome rather than by 
gene replacement (2). A variety of approaches have been developed to address these 
problems including multistep procedures using combinations of selectable and 
countersdectable markers, and specialized transducing shuttle pbasmids (3,4). 
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An alternative approach to contend with these difficulties is to elevate the fre¬ 
quency of homologous recombination in host cells to a level that can yield the 
desired recombinants even with relatively poor DNA uptake. A model system for 
this approach has been developed in Escherichia coli using phage-encoded recom¬ 
bination proteins such as the X red system or the RecE/RccT system present in the 
rac prophage (5). Genetic manipulation using this system is known as “rccombi- 
nccring" i.e.. genetic engineering using recombination proteins (5). Transient 
expression of the recombination proteins leads to high levels of exchange through 
homologous DNA sequences and has been utilized for targeted gene replacement, 
gap repair, and creation of point mutations, small insertions, and deletions (5). It has 
recently been applied to a variety of other systems, including other Gram-negative 
bacteria, yeast, and higher organisms such as Caenorhabditis elegans (6-9). Use 
of the X red system involves the expression of three proteins. Exo (5—3' double - 
stranded DNA cxonucleasc). [1 (single-stranded DNA-binding protein), and Gam 
(an inhibitor of RecBCD), and has the notable property of targeting homologous 
recombination events through homology lengths as short as 40 bp (5). 

The problems encountered by the relatively high rate of illegitimate recombi¬ 
nation in A/, tuberculosis suggest that recombinecring may be an especially 
important addition to the collection of available tools for mycobacterial genetic 
manipulation (10). To our knowledge, there has not yet been a successful exploita¬ 
tion of the X red or other E. co/i-based systems in the mycobacteria, although 
there arc anecdotal indications that attempts to do so have been unproductive. An 
alternative approach to address this question is to identify similar recombination 
proteins in the phages of the mycobacteria (mycobacleriophagcs) and utilize them 
for the development of a mycobacterial-specific recombincenng system (10). 
Whereas it is expected that mycobactcriophages—as with most bacteriophages— 
are likely to encode recombination enzymes, examination of the protcomc of 30 
completely sequenced mycobacteriophage genomes (a total of 3345 genes) 
reveals very few homologs of X red or RecE/RccT proteins (11). Only two (Chc9c 
and Halo) of the 30 mycobacleriophagcs encode homologs of RccE. and only one 
(Che9c) encodes a RccT homolog (10). 

The RecE/RccT versions found in mycobacteriophage Chc9c arc encoded by- 
genes 60 and 61. The encoded proteins arc distant relatives of RecE and RccT 
(sharing 28% and 29% amino acid identity in the shared regions), although bio¬ 
chemical characterization demonstrates that Cbe9c gp60 is indeed a dsDNA- 
dependent cxonuclease and that Chc9c gp61 has similar DNA-binding properties 
to RecT (12). Furthermore, expression of these proteins in M. smegmatis is 
necessary and sufficient to promote elevated levels of homologous recombination 
such dial gene replacement mutants can be recovered following electroporation of 
linear DNA molecules containing homologous segments to cither chromosomal 
or plasmid DNA. This mycobacterial recombincenng system functions in fast- 
growing mycobacteria such as SI. smegmatis as well as in slow-growcrs such as 
St. tuberculosis (10). 


Mycobacterial Recombineering 


205 


This mycobacterial recumbinccnng system has many similar features to the 
>. red and RecE/KccT £. coli systems. For example, elevated protein expression 
appears to be deleterious to mycobacteria and thus regulated expression systems 
must be utilized. Typically, we have utilized the acetamidasc expression system 
on exlrachiumosomal plasmid vectors and determined expression levels using 
antigp 61 antibodies, although other vector and expression systems could be used 
(10). The frequency of recombination is also dependent on the length of the 
sequence homology in the targeting substrate. Overall levels of DNA uptake arc 
sufficiently poor that substrates with short homologies (i.e.. 50 bp) yield only very 
few colonics, and thus are not yet generally apphcablc. However, these mycobac¬ 
terial rccombinecnng methods are still in development, and further advances may 
reveal additional strategics for further increasing the recovery of recombinants 
and for extending these methods to the use of oligonucleotide-based, single- 
stranded DNA substrates. 

In this chapter, we present the approaches and technical details for using 
mycobacterial rccombinecnng methods for performing allelic exchange in slow- 
and fast-gruwing mycobacteria. These methods include the growth and prepara¬ 
tion of mycobacterial cells in order to optimize DNA uptake frequencies, suitable 
conditions for expression of the recombineering proteins, preparation of DNA 
substrates, and recovery and analysis of recombinants. 

2. Materials 
2.1. Cell Culture 

1. Albumin dextrose catalase (ADC): dissolve 20 g dextrose and 8.5 g NaCl in 950 mL 
dHjO. Add 50 g albumin (Spectrum Biochcm. Spectrum Chemicals and Laboratory 
products. Gardena. CA) stirring with no heat until dissolved. Filtcr-stcrilizc through 
a 0.22-pm pore membrane and store at 4°C. 

2. Hvgromycin B (HYG. Sigma. St. Louis. MO) is dissolved at 100 mg/mL in dH 2 0. 
filtered through a 0.22-pm pore membrane, and stored at -20"C in 1-mL aliquots. 
Use at a final concentration of 150 pg/mL in media for both £ coli and Af. smegnm- 
fir. use at a final concentration of 50 pg/mL for Af. tuberculosis. 

3. Kanamycin (KAN, Sigma) is dissolved at 50 mg/mL in dH,0. filtered through a 
0.22-pm pore membrane, and stored at 4°C. Use at a final concentration of 20 pg/ntL 
in media for mycobacteria. 

4. Carbcnicitlin (CB. Sigma, see Note 1) is dissolved at 50 mg/mL in dH,0. filtered 
thiough a 0.22-pm pore membrane, and stored at 4°C. Use at a final concentration of 
50 pg/mL in media. 

5. Cyclobeximide (CHX. Sigma, see Note 2) is dissolved at 10 mg/mL in dH ; 0. filtered 
thiough a 0.22-pm pore membrane, and stored at 4°C. Use at a final concentration of 
10 pg/mL in media. 

6. Tctracyclin (ILL Sigma) is dissolved at 5 mg/mL in dH,0. filtered through a 0.22-pm 
pore membrane, and stored at -2(FC. Use at a final concentration of 2.5 pg/mL 
in mycobacterial media. 625 pg/mL in agar plates for £ coli. and 10 pg/mL in liquid 
media for £ coli. Tctracyclin is light sensitive—prepare media only at the time needed. 
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7. Sodium succinate (dibasic hcxahydratc. Sigma, see Note 3) is dissolved at 20% in 
dH,0, filtered through a 0.22-pm pore membrane, and stored at 4°C. Use at a final 
concentration of 0 . 2 % in media. 

а. Acetamide (Sigma) is dissolved at 20% in dH,0. filtered through a 0.22-pm pore 
membrane, and stored at 4°C. Use at a final concentration of 0.2% in media. 

9. Oleic acid (Sigma, see Note 4) is dissolved at 10 mg/mL in dH,0 by heating ampule 
in 37"C water bath and stirring into dH,0 with beat until completely dissolved. Add 
1 g NaOH pellets and stir until dissolved, filter through a 0.22-pm pore membrane, 
and store in 10-mL aliquots at -20 D C. Use at a final concentration of 50 pg/mL in 
Af. tuberculosis media- 

10. Tween-80 is dissolved at 20% by heating at 56 D C, filtered through a 0.22-pm pore 
membrane, and stored at 4®C. Use at a final concentration of 0.05% in liquid media. 

11. 7H9 broth: Middlebrook 7H9 powder (Difeo. BD and Co.. Sparks. MD). 900 mL 
dH ; 0. und 5 mL 40% glycerol. Autoclave, and aseptically add 100 mL ADC. 2.5 mL 
20% Tween. 1 mL cyclohcximide, 1 mL catbcnicillin. and other antibiotics as required. 
For growth of St. tuberculosis, add 5 mL oleic acid per liter. 

11 7H9 induction medium: 7H9 powder (Difeo), 900 mL dH.O. 5 mL 40% glycerol. 
Autoclave, and aseptically add 100 mL dH,0, 10 mL 20%' succinate. 2.5 mL 20% 
Tween. 1 mL cyclohcximide, 1 mL earbcnicillin. and 400 |iL kanamycin. 

13. 7H10 agar: Middlebrook 7H10 powder (Difeo). 900 mL dH.O. and 12.5 mL 40% 
glycerol. Autoclave, and aseptically add 100 mL ADC. 2.5 mL 20% TWeen 1 mL 
cyclohcximide. 1 mL earbcnicillin. and other antibiotics as required. For growth of 
St. tuberculosis, add 5 mL oleic acid per liter. 

14. 7H11 agar (set Note 5): Middlebrook 7H11 powder (Difeo). 900 mL dH.O. and 
12.5 mL 40% glycerol. Autoclave, and aseptically add 100 mL ADC. 25 mL 20% 
Tween. 1 mL cyclohcximide. 1 mL earbcnicillin, 5 mL oleic acid, and other antibiotics 
as required. 

2.2. Transformation Procedures 

1. Glycerol is diluted to 10% in dH.O. filtered through a 0.22-pro pore membrane, and 
stored at 4°C for Af. smegmotis and room temperature for St. tuberculosis. 

2. Electroporation cuvets. BioRad cat no. 1652086. 0.2 cm. 

3. Prepare an aliquot of 7H9 media containing only ADC and Tween (and oleic acid if 
transforming M. tuberculosis). 

2.3. Genomic DNA Preparation 

1. Glucosc-tris-EDTA (GTE) solution: 25 mWTris-HCl. pH 8.0.10 m.Vf EDTA. 50 mSt 
glucose. Store at room temperature. 

2 . Lysozyme solution: dissolve lysozyme at 10 mg/mL in 25 mAf Tris-HCl pH 8.5. 

3. CTAB solution: dissolve 4.1 g sodium chloride in 90 mL dH.O. While stirring on 
magnetic stincr. add 10 g cctrimidc. Incubate in 65"C water bath to get cctrimidc into 
solution (cctrimidc is bcxadccyltrimcthlyammonium bromide. Sigma). 

4. Sodium dodceyi sulfate is dissolved at 10%, filtered through a 0.22-pm pore mem¬ 
brane. and stored at room temperature. 

5. Proteinase K is dissolved at 10 mg/mL in dH.O and stored in 1-mL aliquots at -20"C. 

б. NaCl is dissolved at 5 St, autoclaved, and stored at room temperature. 

7. A mixture of chloroform:isoamyl alcohol (24:1) should be prepared. 
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3. Methods 

Recombineering in the mycobacteria can be used to target genes in cither the 
chromosome or extrachromosomally replicating plasmids by allelic exchange 
facilitated by expression of the Che9c recombination proteins (10). Mycobacterial 
recombineering strains arc generated using a plasmid (such as pJV53) that 
contains the Chc9c genes 60-61 expressed under control of the inducible 
acetamidase promoter, origins of replication for E. coll and mycobacteria, and a 
ktr/i* cassette. The cells are grown to mid-log phase, induced to express the 
recombination functions, and competent cells are prepared. These strains arc 
transformed with a targeting substrate specific to the locus to be removed that 
contains 500-bp homology to the locus flanking a hyg* cassette and y8 res sites. 
Hygromycin-resistant recombinant colonies arc recovered, and the genotype is 
verified by Southern blot analysis. The strain can be unmarked by transformation 
with a plasmid expressing y6 rcsolvasc. efficiently removing the hyg* cassette. Both 
cxtrachromosomally replicating plasmids (the resol vase plasmid and the rccom- 
binecring expression plasmid) arc removed—if desired—by growing the cells 
without selection for iron-resistance and /e/-resistanec over two generations (13). 
This results in a completely unmarked strain containing a deletion in the locus 
of choice. 

3.1. Preparation of M. smegmatis Recombineering Strain 

1. Wild-type M. smegnuins me 2 155 is inoculated into 3 mL 7H9 broth (containing ADC. 
CB. CHX. and TWccn) in a sterile test tube and grown shaking at 37 ; C until culture 
is saturated (-2 d). This is subculturcd into 50 mL of medium (7H9 broth as above) 
in a 250-raL nonbafflcd sterile flask to a final OD^ = 0.020 and grown shaking at 
37°C ovctnighi 

2. Once the cells have reached OD^ = 0.800 - 1.000 the follow ing day, clccuocompc- 
tent cells arc prepared (see protocol). Elcctrocompetent cells arc transfotmed with 
1-50 ng of plasmid pJV53 (see protocol for transformation) and plated on 7H10 agar 
plates containing KAN (see Note 6). The plates are incubated at 37 C C for 3 d. 

3. Colonies (containing plasmid pJV53) arc inoculated into 3 mL 7H9 broth (contain¬ 
ing ADC. CB. CHX. KAN. and Tween) in a sterile test tube and grown shaking at 
37°C until culture is saturated (-2 d). This is subculturcd into 50 mL of 7H9 induc¬ 
tion medium (containing KAN. see Note 7) in a 250-mL nonbafflcd sterile flatk to a 
final OD ko = 0.02 and grown shaking at 37°C overnight (see Note 8). 

4. Once the cells have reached OD^ - 05 the following day. acetamide is added to a final 
concentration of 0.2%. The culture is grown shaking at 37°C for 3 h Elcctrocompetent 
cells arc prepared as described next. 

3.2. Preparation of M. tuberculosis Recombineering Strain 

1. Wild-type M. tuberculosis H37Rv is inoculated into 3 mL 7H9 broth (containing 
ADC. CB. CHX. oleic acid, and TWccn) in a sterile test tube and grown at 37'C (from 
10-20 d). This is subculturcd into 50 mL of medium (7H9 broth as earlier) and crown 
at 37°C. 
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2 . Once the cells have reached OD^, = 0.800 - 1.000 <-15 d. see Note 9). elcetrocom- 
petent cells arc prepared (see protocol below). Electrocompetent cells arc trans¬ 
formed with 1-50 ng of plasmid pJV53 (see protocol in Subheading 3.3.) and plated 
on 7H11 agar plates containing KAN (see Note 6). The plates arc incubated at 37"C 
for 3 wfc. or until colonies arc of sufficient size for subculturing. 

3. Colonics (containing plasmid pA'53) arc inoculated into 3 mL 7H9 broth (contain¬ 
ing ADC. CB. CHX. KAN. oleic acid, and TVveen) in a sterile test tube and grown at 
37"C. This is subcultured into 50 mL of 7H9 induction medium (containing KAN. 
see Note 7). and grown at 37°C (see Note 8 and 9). 

4. Once the cells have reached OD^ = 0.5. acetamide is added to a final concentration 
of 0.2% and the culture is grown at 3? : C overnight (>16 h). Elcctrocompetent cells 
arc prepared as described next. 


3.3. Preparation of Electrocompetent Cells 

1 . This procedure is used for M. smegmatis and M tuberculosis cell preparations. 
Importantly. M. smegmatis cells should be kept cold by using ice-cold glycerol, cen¬ 
trifuging at 4°C, and placing tubes on ice whenever possible. For M tuberculosis, 
cells and glycerol should be kept warm, and centrifugations should be performed at 
room temperature ( see Note 10). Any volume of cells can be used: using 50 mL 
cultures results in approx 20 tubes of competent cells. 

2 . The cells arc transferred from the flask to centrifuge tubes. For A I. smegmatis only, 
the tubes arc incubated on kc for 30 min to 2 h. 

3. The cells arc pelleted by centrifuging at 3600g for 10 min: the supernatant is carefully 
discarded into a waste container. 

4. The cells arc washed with 1/2 vol (25 mL) 10% sterik glycerol by gently pipeting 
with a 25 mL pipet until the clumps of cells arc dissolved. 

5. The cells are pelleted as in step 3: the cells are washed with 1/4 vol (12.5 mL) 10% 
sterile glycerol. 

6 . The cells are pelleted as in step 3: the ceDs arc washed with 1/8 vol (5 mL) 10% sterile 
glycerol. 

7. The cells arc pelleted as in step 3; the cells arc washed with 1/10 vol (5 mL) 10% 
sterile glycerol. 

8 . The cells arc pelleted as in step 3; the cells arc resuspended in 1/25 vol (2 mL) 10% 
sterile glycerol. 100 |iL of cells arc aliquoted in microcentrifuge tubes, flash frozen 
on dry icc/cthanol. and stored at -80"C. or used immediately (see Note 11). 

3.4. Transformation of Electrocompetent Cells 

1 . This transformation procedure assumes the use of a BioRad pulse-controller electro¬ 
poration unit. If cells arc being used fresh from preparation for M. tuberculosis 
(tee Note 11), skip to step 3 and the cells arc not incubated on ice after adding DNA. 

2 . The tubes of cells arc placed on ice. one for each transformation, and allowed to thaw 
for approx 10 min. DNA is pipeted into cells which are mixed gently, and this is incu¬ 
bated for 10 min (on ice if for A/, smegmatis). The cells arc transferred into a cuvet 
(chilled on kc if for A/, smegma ns). 
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3. The cuvcl should be wiped off well and place in electropotator holder. Electroporate 
with the pulse controller set to 2.5 kV, 1000 12. 25 pF. If the cells are. the transfor¬ 
mation must be repeated (see Note 12). 

4. For recovers’. 1 mL 7H9 broth (containing ADC and Tween, and oleic acid if for 
M. tuberculosis) is added to the cells and pipeted into a test tube. Recover by incu¬ 
bating at 37 °C. For plasmid DNAs in M. smeg mails, recover for 2 h, and for 
M. tubeivulosis. recover overnight. For transformations with linear targeting 
DNAs. see protocols in Subheading 3.7. 

5. The transformations arc plated on selective 7H10 or 7H11 media and incubated 
at 37 e C. 

3.5. Preparation of Mycobacterial Genomic DNA 

1. 10 mL of culture is transferred to 15-mL conical tube and spun in tabletop centrifuge 
at 2000g for 20 min. The supernatant is discarded and the cell pellet resuspended 
in 1 mL GTE solution, this is transferred to a microccntrifugc tube and centrifuged 
for 10 min. 

2. The supernatant is discarded and the cell pellet is resuspended in 450 |iL GTE solu¬ 
tion. To this. 50 (iL of a 10 mg/mL lysozyme solution is added and gently mixed, this 
is incubated at 37"C overnight 

3. After overnight incubation, 100 pL 10% sodium dodccyl sulfate is added and gently 
mixed. 50 pL 10 mg/mL proteinase K (Sigma) is added and mixed gently; this is 
incubated at 55 : C for 20-40 min. 

4. After incubation. 200 pL 5 M NaCl is added to the tube and gently mixed. 160 pL of 
CTAB (preheated at 65"C) is added and mixed gently; this is incubated at 65 3 C for 
10 min. 

5. An equal volume (-1 mL) chloroform:isoamyl alcohol (24:1) is added to the tube, 
mixed gently, and spun in microccntrifugc for 5 min. 

6. The aqueous layer (-900 pL) is transferred to a fresh microccntrifugc tube. The 
extraction is repeated with chlorofotrruisoamyl alcohol (24:1). mixed gently, and 
spun in microccntrifugc for 5 min. 

7. The aqueous layer (-800 pL) is transferred to a fresh microccntrifugc tube. For BSL3 
organisms (Af. tuberculosis), the tube can be dipped in vesphcnc to disinfect outer 
surface, and the supernatant can now be processed in a BSL2 lab. 

8. To the aqueous layer. 560 pL (0.7X vol) isopropano! is added; this should be mixed 
gently by inversion until the DNA has precipitated out of solution. The tube is incu¬ 
bated at room temperature for 5 min., and spun in microccntrifugc for 10 min. 

9. The supernatant is aspirated and discarded. 1 mL 70% ethanol is added to wash DNA 
pellet. This is mixed gently by inversion and spun in microccntrifugc for 5 min. 

10 . Aspirate supernatant and air-dry pellet for 15 min. Do not overdry. Resuspend in 
50 pL TE buffer and incubate at 37°C to dissolve pellet. Store at -20"C. 

3.6. Construction and Preparation of the Targeting Substrate 

1. Primers arc designed to amplify regions of homology flanking the target gene (see 
Fig. I and Note 13). Upstream and downstream homologous regions should each be 
approx 500 bp. It is recommended to include approx 100 bp of sequence on both ends 
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Rg. 1 . Construction and prcparalion of targeting substrate fo* rccombinecring. Primers 
arc designed with restriction sites (A-D) to amplify upstream and downstream homologous 
regions flanking a gene. The regions arc PCR-amplificd. digested, and directionally cloned 
into a vector flanking a hygromycin-resistance cassette. The plasmid is then linearized by 
double-digestion with enzymes A and D at the ends of die targeting substrate. Black boxes 
indicate 76 res sites that can be used to remove the hygromycin cassette after mutagenesis. 
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of the gene in order to reduce the chance of causing polar effects. The upstream and 
downstream homologous regions arc polymerase chain reaction (PCR)-amplificd 
using mycobacterial genomic DNA as the template (set Note 14). 

2 . The PCR products arc cloned into a vector flanking a fcyg-rcsistancc cassette (set Fig. 1 
and Note 15). The homologous sequences must be cloned in the same orientation, so 
that they read from 5'-3'. It is recommended to use plasmid pYUB854 because this 
plasmid contains 76 res sites flanking the hyg* cassette, facilitating removal of the 
cassette after mutagenesis (see Note 16). 

3. The vector (containing the homologous sequences) is linearized by restriction digest 
with two enzymes, preferably the two enzymes used to clone at the most distal 
regions of the targeting substrate (Fig. 1 ). Alternatively, the section including the 
homologous regions can be amplified by PCR. This should yield two fragments; one 
should contain the HYG-casscttc flanked by the two homologous regions. 

4. The digest reaction is cleaned up to remove enzyme (no need to gel extract) and DNA 
is eluted in dH.O (in order to minimize salt, see Note 12). It is recommended to use 
the QIAGEN QIAquick PCR purification protocol for enzymatic reaction cleanup. 
The linear DNA containing the homology is quantified by agarose gel electrophoresis 
or ultraviolet spectrometry. 

3.7. Transformation of the Recombineering Strains 

With a Targeting Substrate 

1 . Ekctrocompctent cells of strains containing plasmid pJV53 arc transformed with 100 
ng targeting substrate DNA (see Note 17) as described in the transformation proto¬ 
col The transformations are recovered by incubating at 37°C in 7H9 broth (contain¬ 
ing only ADC and Tween, and oleic acid if for Af. tuberculosis). For A/, smegmatis, 
recover tot 4 h (see Note 18); for Af tuberculosis, recover for 72 h. 

2 . The entire reaction is plated on 7H10 or 7H11 agar plates (containing KAN and 
HYG. and oleic acid for if tuberculosis), and incubated at 37°C until colonics arc of 
sufficient size for subculturing. Typically, between 50 and 200 recombinant colonics 
are recovered (see Table 1 ). This can vary between batches of competent cells (see 
Note 19). A Mg ' 1 replicating plasmid can be used to test die efficiency of transformation 
to compare cell batches. 

3.8. Verification of Recombinant Strain Genotype 

1 . Colonics recovered from transformations widi the targeting substrate arc inoculated 
into 7H9 broth (- 10 mL containing ADC. Tween. KAN. and HYG. and oleic acid for 
At tuberculosis). The cultures arc incubated at 37"C for 3 d (Af smegmatis) or 10 d 
(Af. tuberculosis) until culture has a substantial amount of visible growih. It is recom¬ 
mended to screen 4 or more colonies. In addition, the pJV53 strain is inoculated 
in media (without HYG) as a control. The cells are collected and genomic DNA is 
prepared as described in Subheading 3.5. 

2 . Southern blot analysis is performed on each recombinant strain to be tested, using the 
plV53 strain as a control. It is suggested diat probes arc used that hybridize to cither 
the upstream or downstream homologous region in order to distinguish between dif¬ 
ferent band sizes expected. Alternatively, a probe to the hyg* cassette will determine 
the location of the targeting substrate. 
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Table 1 

Example Results From a Recombinecring Experiment Targeting the gro£L 1 Cene 
in M. smegmaiis 



Recombinants" 

Cell competent 

(efu/pg DNA) 

Rceombinccring 

frequency* 

me?155:pJV53 

154 

2.0 x 10 s 

7.7 x 10- 4 

Control strain*' 

0 

1.5 x 10 s 

0 

(mir 155:pLAU 12) 





‘Number of colonics recovered following tnnxfarniatioa with 100 ng linen Urge ling DNA iub- 
vtiutc < described in Subheadings 3.6. and 3.7.) and plating on media containing hygiomvcin. 

•Cell competency is determined by transformation witli 50 ng o! mtegration-peolkicnt vector 
DNA and is expresicd as coluny-tunning units per pg DNA (cfu^ig). 

The recombineering frequency u expresicd as the number of allelk exchange recombinants per 
|ig/cell competency. 

'Die control strain contain' an empty vector as a control for background recombination events. 


3.9. Unmarking Mutant Strains in M. smegmaiis 

1. Unmarking of M. smegmaiis strains is accomplished using a plasmid expressing y& 
rcsolvasc {set Nolc 20). Following transformation with this plasmid, the hyg* cas¬ 
sette is removed, and both the recombineering plasmid and resolvasc plasmid arc 
removed by serially diluting 1 : 10.000 and growing in the absence of selective antibi¬ 
otics; this procedure is repeated twice {see Note Zl) (13). This protocol describes the 
process for M. smegmaiis, but would likely also be applicable to Af. lubenuloiis. 

2. The mutant strain is inoculated in 7H9 media (containing HYG, not KAN) and incu¬ 
bated shaking at 37’C until culture is saturated (-2 d). This is subcuhurcd and cells arc 
grown to prepare clcctrocompctcnt cells (tee protocols in Subheadings 3.1. and 3-3.). 

3. Electrocompctent cells arc transformed with 50 ng of plasmid pGH542 (see Note 20, 
see protocol fat transformation) and plated on 7H10 agar plates containing IfcT (see 
Note 6). The plates arc incubated at 37"C for 3-4 d until colonics are of sufficient 
size for subculturing. 

4. The recovered colonies arc patched on multiple selective 7H10 agar plates contain¬ 
ing antibiotics in the order as follows. (1) HYG. (2) TET. and (3) CB/CHX only. The 
plates arc incubated at 37 : C for 3-4 d. 

5. Colonics that are Ayg-scnsitivc and rtr-rcsistant arc subcuhurcd into 10 mL cultures 
of 7H9 media (containing CB and CHX only) and incubated shaking at 37 : C until 
culture is saturated (-2 d). This culture is subcuhurcd into another 10 mL culture 
exactly as above using 1 pL of the culture (1:10.000). Incubate while shaking at 3TC 
until culture is saturated (-2 d). Dilutions (10~*-10' 7 ) are plated on 7H10 agar plates 
(containing CB and CHX only). 

6. The recovered colonics arc patched on multiple selective 7H10 agar plates contain¬ 
ing antibiotics in the order as follows: (1) HYG, (2) TET. and (3) KAN. 4) CB/CHX 
only. The plates are incubated at 37 S C for 3-4 d. Colonics that arc now /^/-sensitive, 
kon-x native, and Ayg-scnsitivc can be further verified by Southern blot analysis as 
the correct unmarked mutant strain. 
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4. Notes 

1 . M. smegmutis and Af lubenuloils arc naturally resistant to ampicillin. caiticnicillin 
is a more stable form and is recommended for laboratory use. 

2 . Addition of cyclohcximidc to media can prevent growth of molds in media, but docs 
not inhibit mycobacterial growth. 

3. Sodium succinate dibasic hexahydrate is also known as succinic acid disodium salt. 

4. It is critical to add oleic acid to any media for growing M. tuberculosa, but is not 
required for Af smegmata. 

5. Growing Af. tuberculosa on 7H1 1 plates (instead of 7H10) can increase the growth rate. 

6 . When transforming with plasmid DNA. it is recommended to plate one or more serial 
dilutions of the transformation reaction in order to obtain isolated single colonics. 

7. It is critical that the growth of pJV53 cells to prepare clcctrocompctent cells is per¬ 
formed in the 7H9 induction media containing succinate, as described in Subheading 2 . 
Growth in media containing ADC will not facilitate proper expression of the recom¬ 
bination functions. 

8 . It will be observed that growth in succinate induction medium will result in a slightly 
slower growth rate than in ADC medium. 

9. Growth of Af tuberc ulosa strains may take longer than 10 d. up to 20 d. Optical den¬ 
sity should be monitored routinely, as the growth rate can vary depending on growth 
conditions. 

10 . It is critical to treat Af. smegmata cells with cold glycerol and centrifugation at 4°C. 
Af. tuberculosis cells should be at room temperature, and glycerol can be warmed to 
37°C when not in use. This improves transformation efficiency for both species (14). 

11 . Using Af. tuberculosis cells fresh after preparation without freezing will improve effi¬ 
ciency significantly. 

12 . Recurrent problems with arcing can be ovohfcd by ensuring thorough washing of die cells 
during clcctrocompctent cell preparation to remove salts from the media. Additionally, 
elution buffer for DNA should contain little to no salt, as this also can cause arcing. 

13. Primers should be between 22 and 27 nt in length, with 50-60% GC content, and the 
melting temperatures work best above 60'C. It is also recommended to synthesize 
restriction sites in the primers to facilitate directional cloning into the vector. 

14. Addition of dimethyl sulfoxide (1-5%) in the reaction can sometimes reduce produc¬ 
tion of nonspecific bands, and can increase product quantity. 

15. Any plasmid containing a hyg* cassette and sates for cloning adjacent to the cassette 
can be used. Conventional cloning techniques should be applied, and plasmids should 
be propagated in E. coli. If it is desired to unmark the strain, use a plasmid contain¬ 
ing 76 res sites (see Note 16). 

16. If using a plasmid containing res sites, such as pYUB8S4. the plasmid must be 
propagated in E. coli HB 101 strains that arc deleted for the resol vase function. 

17. Traisfoimation with 100 ng targeting substrate is critical as this will yield optimal 
numbers of recombinants. If possible, do not transform with more or less DNA, as 
both can limit recovery of recombinants. 

18. Recovery for 4 h after transformation of the rccombinccnng strain with the targeting 
suhstratc is vital to recovery of recombinants, as compared with the 2 h recovery 
required during canonical transformations with plasmid DNA. 
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19. Optimizing the number of recombinants is achieved by making competent cells with 
good transformation efficiencies, and not by increasing the amount of DN'A trans¬ 
formed (see Note 17). Typically. between 10 s and 10 6 cells efu/pg are recovered 
when testing cells with a replicating plasmid. 

20 . Plasmid pGH542 expresses f 6 rcsolvase and contains a let * cassette. Transformation 
with this plasmid efficiently promotes recombination between the res sites flanking 
the Mg* cassette to remove the cassette, generating an unmarked mutation. 

21 . Growing the strain by diluting serially twice. 1 : 10 . 000 . in media lacking selective 
antibiotics effectively causes loss of the instable replicating plasmids pJV53 and 
pGH542. 
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Chromosomal Engineering of Clostridium Perfringens 
Using Group II Introns 

Phalguni Gupta and Yue Chen 


Summary 

Closiridurm perfringens is a major natural pathogen of human and domestic ammala wing to 
the production of multiple toxin*. Defined clostridial mutants are essential for studying the rok of 
toxins in disease pathogeoesi*. However, it has been very difficult to introduce mutations into 
C. perfringens. We recently developed a Clostridia-modified largetron that can specifically and etli- 
cieotly inactivate C. perfringens genes. Hie usefulness of this system has now been demonstrated 
by Specifically inactivating lour different C. perfringens toxin genes. 

Key Words: u-Toxin: chromosomal mutagenesis; Clostridium perfringens: gene knockout; 
targetron; group 11 intron 

1. Introduction 

Clostridium perfringens , a major natural pathogen of human and domestic ani¬ 
mals. is one of the most prolific bacterial toxin producers (I). Site-specific muta¬ 
tions on the chromosome or plasmids of C. perfringens arc essential for studying 
the pathogenesis of toxins during disease. Unfortunately it has been very difficult to 
introduce mutations into C. perfringens by classical allelic exchange approaches. A 
major problem in constructing knockout mutants is an extremely low recombi¬ 
nation frequency. 

Commercially available TargcTron” 1 technology has been used to inseitionally 
knockout genes in Escherichia coli and other bacteria. TargcTron methodology is 
based on mobile group II introns. which are site-specific retroelemcnts that use a 
rctrohoming mechanism to directly insert the excised intron lariat RNA into a 
specific DNA target site and revcrsc-transcribc into DNA that inactivates the dis¬ 
rupted gene. As the DNA target site is recognized primarily by base pairing of 
intron RNA and a few intron-cncodcd protein (IEP) recognition spots, the intron 
targeting sequences can be modified to insert into a specific DNA target (2). But. 
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ihc existing TargeTron technology, based on E. coli lilac promoter and lacking 
a C. perfringens origin of replication, would not work in clostridia. We have 
constructed a C. perfringens- specific targetron based on the Sigma TargeTron 
vector by inserting C. perfringens- specific promoter and introducing the targetron 
cassette into the plasmid pJIR750. an E. coli-C . perfingens shuttle vector. The 
constructed plasmid has been used to successfully inactivate multiple toxin genes 
in C. perfringens plasmids as well as its chromosome ( 3). In this chapter, the 
methods of constructing a Clostridi urn-specific targetron donor plasmid and 
inactivating a chromosome gene in C. perfringens with the plasmid are outlined. 

2. Materials 

2.1. Bacteria and Bacterial Culture 

1 . E. coli DH5a. SOC medium (Catalog 15544-034. Invitrogcn. 1600 Faraday Avenue 
PO Box 6482, Carlsbad. CA). 

2 . Luria Bcrtani (LB) medium: 10 g tryptonc. 5 g yeast extract, and 10 g NaCl, 15 g 
bacto-agar. dissolved in 1 L H 2 0 . and autoclaved. 

3. C. perfringens type A ATCC3624. 

4. Fluid thioglycolatc broth (FTG). 

5. Modified Duncan-strong medium: 15 g peptone. 4 g yeast extract. 1 g sodium thio- 
glycollatc, 10 g Na>HP0 4 -7Hj0. dissolved in 950 mL H, 0 . 4 g soluble starch 
dissolved in 50 mL H ; 0 and boiled for 3 min and added to the 950 mL mix and 
autoclaved. Cool the solution and add theophylline (200 |ig/mL final) ( see Note I). 

6 . Egg yolk brain heart infusion (BHI) agar plates: 52 g brain heart infusion agar (Difco 
Brain Heart Infusion Agar. Ref No 241830, Bccton. Dickinson and Company. Sparks. 
MD 21152) dissolved in 900 mL H ,0 and autoclaved Cool the solution to about 50°C. 
add two egg yolks suspended in 100 mL normal saline, mix by swirling, and pour 
plates. 

2.2. Construction of the Targetron Donor Plasmid 
and Bacterial Transformation 

1. Plasmids. pACD3 (Sigma-Aldrich). pDF(B2hl)v751 (4). and pJlR750 (ATCC87015). 

2 . Primers (see Table 1 ). 

3. Taq polymerase. 10 X Taq polymerase buffer. dNTPs (Promcga. Madison. WI). 

4. AccuPrime Pfx DNA polymerase. 10 X reaction mix (Invitrogcn. 1600 Faraday 
Avenue PO Box 6482. Carlshal CA). 

5. IX TAE (40 mAf Tris-acetatc. 1 mW EDTA). 

6 . Agarose (Bio-Rad Hercules. CA). 

7. HypcrLaddcr I (Biolinc. London. UK). 

8 . Gel electrophoresis equipment. 

9. Restriction enzymes: Spe I. Xbal. BsrGl. HindOt. and Pvul (NEB New England 
Biolabs. Ipswich. MA). 

10 . UltraClcan DNA purification kit (Mo Bio laboratories. Carlsbad CA). 

11 . Alkaline phosphatase, shrimp (Roche. Grcnzachcrstrasse 124. CH-4070 Basel. 
Switzerland). 

12 . T4 DNA ligasc (Promcga). 
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Table 1 

Oligonucleotide Primers 

Primer sequence (5—3') 

IBSI/1BS2 AAAAAAGCTTATAATTATCCTTACCAGCCCATAGGGTGCGCCCA- 
GATAGGGTG 

LtrBAsEBS2 CG AAATTAG AAACTTGCGTTCAGTAAAC 

EBSI /delta CAG ATTGTACAAATGTGGTG ATAAC AG ATAAGTCCATAGGCT- 

TAAcnACcrncrnGT 

EBS2 TGAACGC.AAGTTrCTAATTTCGGTTGCTGGTCGATAGAGGAAAGTGTCT 
Alpha toxin F GTGAGGTTATGTTAATrATATGGTATAATnC.AATGC 
Alpha toxin 100R AGTTACAATCATAGCATGAGTTCCTGTTCC 
B2PF ACTAGTGAATTCCATTATTAACTGAT 
B2PR AAGCnTGGnTCCCCCCTGAATTlTl 

Biotin-labeled targetron specific probe GTGTTTACTGAACGCAAGTrTC- 
TAATTTCGGT 

Pic targetron cassette F CGATCGGAATrCCATTArr.AACATGATAAATCCTATAACCCA 
Pic targetron cassette R CGATCGCACTTGTGnTATGAATCACGTGACGATGA 
493 IF TCAATAAGGTCAAAAATCTTAAAGGCAAAGAAAA 
PJIR750R CAG AT GC GTA AGG AG AA A ATAC C GC 


13. LB-kanamycin or chloramphenicol plates: 10 g tryptonc. 5 g yeast extract, and 10 g 
NaCl. 15 g bacto-agar. dissolved in 1 L H, 0 . and autoclaved. Cool the solution to 
about 5CPC. and add kanamycin (50 pg/mL final) or chloramphenicol (15 pg/mL), 
mix by swirling, and pour plates. 

14. Plasmid minipccps kit (Promcga). 

15. Gene pulser (Bio-Rad). 

16. 0.4-cm Cuvet (BTX). 

17. TGY broth: 30 g trypticasc. 10 g yeast extract, and 20 g glucose, 1 g L-cysteinc. dis¬ 
solved in 1 L H, 0 , and autoclave. 

18. SMP buffer: 270 mAf sucrose. 1 mAf MgCl,. 7 mAf sodium phosphate buffer. 
pH 7.3. 

19. Brain-heart infusion chloramphenicol plates: 52 g brain-heart infUsion agar dissolved 
in 1 L H ? 0 and autoclaved. Cool the solution to about 50"C. and add chlorampheni¬ 
col (15 pg/mL final), mix by swirling, and pour plates. 

20 . GasPak (BD). 

2.3. Southern Hybridization 

1 . MasterPure Gram-positive DNA purification kit (Epicentre. Madison. WI). 

2 . Restriction enzyme EcoRl (NEB). 

3. Biotin-labeled targctron-spccific probe (see Table 1 ). 

4. TE 22 tank transfer unit. 

5. TAE: 40 mAf tris-acctatc. 1 mAf EDTA. pH 8 . 0 . 

6 . Nylon membrane (Pierce. Rockford. IL). 

7. Ultraviolet (UV) stratalinkcr 1800 (Stratagenc. La Jolla. CA). 

8 . North 2 South chemiluminescent hybridization and detection kit (Pierce). 

9. X-ray film (Kodak. Rochester. NY). 





220 


Gupta and Chen 


3. Methods 

3.1. Insertion of a C. perlringens-Specific Promoter in Front of the Intron 

In order to insert the intron into a specific gene in C. perfringens plasmid or 
chromosomal DNA. the mtron DNA must be transcribed in C. perfringens to 
allow its RNA to perform its rctrohoming function. The commercially available 
intron donor plasmid used is pACD3, a chloramphenicol-resistant plasmid con¬ 
taining the U.LlrB mtron expressed from a 77/ac promoter. Because the yue 
chcn 77/ac promoter would not function in C. perfringens , we inserted the pro¬ 
moter region of the P-2 toxin gene ( cpb2 ) from a C. perfringens type A isolate 
into the pACD3 plasmid upstream of the intron sequence to drive intron tran¬ 
scription. 

3.1.1. Amplification of c pb2 Promoter Region by Polymerase Chain 
Reaction <PCR) 

The following components are mixed together: 

1. 1 pL 400 ng/pL temperate DNA. plasmid pDF(B2hI)v75l containing p-2 toxin gene 
cassette (final amount - 400 ng). 

2. 2 pL of 20 p.W primer B2PF containing Spel site as a linker at 5' end (final concen¬ 
tration of each primer - 800 nM). 

3. 2 pL of 20 pM primer B2PR containing //indin site as a linker at 5' end (final con¬ 
centration of each primer - 800 nAf). 

4. 5 pL of 10X PCR buffer (final concentration - IX). 

5. 3 pL of 3.8 m M dNTPs (final concentration - 228 pVf). 

6. 0.5 pL of 5 U/pL Toil polymerase (final amount - 2.5 U). 

7. 36.5 pL of H,0. 

The PCR cycling program: initial denaturation. 94°C. 10 min. Amplification. 
94°C, 1 min: 5tf C. 1 min: 72 < C. 1 min for 35 cycles. Final extension, 72°C for 7 nun. 

3.1.2. Cloning of Amplified PCR Products Into pACD3 Upstream 
of Intron Sequence 

1. Run the PCR predicts on a 1.8% agarose gel containing cthidium bromide by electro¬ 
phoresis. A HypcrLaddcr I is used as a molecular marker. 

2. Visualize the 200-bp PCR products under UV light, and excise the DNA band from 
agarose gel by a scalpel. 

3. Extract DNA fragments from gel by UltraClcan DNA purification kit according to 
manufacturer’s instruction. 

4. Digest PCR products with Spel and Wi/idm and vector pACD3 with Xb<it and Mmdlll. 
Incubate at 37°C for 4 h. 
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Digestion 1 

Digestion 2 

DNA 

10 pL (5 pg) purified 

PCR product 

5pL(5 pg) pACD3 

10X buffer 

2pL 

2pL 

Spe I 

lpL 

- 

Xbal 

- 

lpL 

ffindlD 

lpL 

lpL 

h 2 o 

6 pL 

11 pL 


5. Separate digested DNA fragments by agarose gel electrophoresis. Excise and purify 
the DNA fragments from the gel. 

6. Ligate the digested pACD3 and PCR product by T4 ligasc. 

a. Setup ligation by adding the following components: 

i. 2 pL (2 pg) digested pACD3 DNA. 

ii. 2 pL (2 pg) PCR product 

iii. 5 pL of 2X ligation buffer. 

iv. 1 pL (4 U) T4 ligasc. 

b. Incubate at 4°C overnight. 

7. Transform ligation mix into E. coti DH5u competent cells according to manufacturer's 
instruction. Spread 100 pL or 900 pL of the transformation mixture onto LB agar plates 
containing 15 pg/mL chloramphenicol and incubate the plates overnight at 37"C. 

8. Purify - and sequence the plasmid DNA. Inoculate single bacterial colony grown from 
the plates into 5 mL of LB medium containing 15 pg/mL chloramphenicol. After 
overnight culture with shaking at 37°C. isolate plasmid DNA. pACD3wb2p. from the 
culture by minipreps kit. Sequence the joint regions of die insertion point in the vector 
and entire inserted fragment. 

3.2. Modification of the LI .LtrB Group II Intron for Targeting 
to C. perfringens a -Toxin Gene (pic) 

To target the intron to pic. the LI.LtrB intron sequence in pACD3wb2p is mod¬ 
ified based on the sequencer of predicted insertion sites in the pic gene using the 
Sigma website (www.sigma-aldrich.com/targetron). The program predicts 10 
intron insertion sites across the 1197-bp pic gene. For optimal gene interruption 
and stable insertion, the insertion site in the antisense strand at position 50/51 
from the initial ATG is chosen for intron modification. There arc three short 
sequence elements involved in the base pairing interaction between the DNA tar¬ 
get site (IBSI, IBS2 . and 8) and intron RNA (LBSI. EBS2 % and 8). Modifications 
of intron RNA sequences ( EBSI, EBS2 . and 5) to base pair with the pic target site 
sequences are introduced through PCR. 
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3.2.1. PCR Using a IBS1/BS2 and LtrBAsEBS2 Primer Pairs 
to Generate a 257-bp Amplicon 

Setup PCR reaction as following: 

1. 1 pL 400 ng/pL temperate DNA. plasmid pACD3wb2p (final amount - 400 ng). 

2. 2 pL of 20 pM primer IBSI/IBS2 (final concentration of each primer - 800 nAf) 

3. 2 pL of 20 pAf primer UrBAsEBS2 (final concentration of each primer - 800 nAf). 

4. 5 pL of 10X PCR buffer (final concentration - IX). 

5. 3 pL of 3.8 mAf dNTPs (final concentration - 228 pAf). 

6. 0.5 pL of 5 U/pL Taq polymerase (final amount - 2.5 U). 

7. 36.5 pL of H,0. 

Perform PCR with initial denaturation. 94°C. 10 min. Amplification. 94°C. 
1 min: 55°C. 1 min; 72°C. 40 s for 35 cycles. Final extension. 72°C for 7 min. 
Run PCR product by agarose gel electrophoresis. Excise and purify the 257-bp 
PCR product from the gel. 

3.2.2. PCR Using EBS1/A and EBS2 Primer Pairs to Generate 
an 117-bp Amplicon 

Add following components together: 

1. 1 pL 400 ng/pL template DNA. plasmid pACD3wb2p (final amount - 400 ng). 

2. 2 pL of 20 pAf primer EBSU A (final concentration of each primer - 800 nAf). 

3. 2 pL of 20 pAf primer EBS2 (final concentration of each primer - 800 aVf). 

4. 5 pL of 10X PCR buffer (final concentration - IX). 

5. 3 pL of 3.8 mAf dNTPs (final concentration - 228 pAf). 

6. 0.5 pL of 5 U/pL Toq polymerase (final amount - 2.5 U). 

7. 36.5 pL of H,0. 

Perform PCR with initial denaturation. 94°C. 10 min. Amplification. 94°C. 
1 min; 55°C, 1 min: 72°C. 30 s for 35 cycles. Final extension. 72°C for 7 min. 
Run PCR product by agarose gel electrophoresis. Excise and purify the 117-bp 
PCR product from the gel. 

3.2.3. PCR Using IBS1/1BS2 and EBS1/A Primers to Generate 
a 353-bp pic Targetron 

The 257-bp and 117-bp amplicons. having 21 overlapping nucleotides, are 
used as templates for PCR with IBSI/IBS2 and EBSUA primers to generate a 353-bp 
pic targetron. 

Add following components together: 

1. 1 pL 200 ng/pL 257-bp fragment (final amount - 200 ng). 

2. 1 pL 200 ng/pL 117-bp fragment (final amount - 200 ng). 

3. 2 pL of 20 pAf primer EBSIIA (final concentration of each primer - 800 nAf). 

4. 2 pL of 20 pAf primer IBS1/IBS2 (final concentration of each primer - 800 nAf). 

5. 5 pL of 10X PCR buffer (final concentration - IX). 

6. 3 pL of 3.8 mAf dNTPs (final concentration - 228 pAf). 
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7. 0.5 pL of 5 U/jiL Toq polymerase (final amount - 2.5 U). 

8. 35.5 pL of H,0. 

Perform PCR with initial denaturation. 94°C. 10 min. Amplification. 94°C. 
1 min: 55°C, 1 min: 72°C. 1 min for 35 cycles. Final extension. 72°C for 7 min. 
Run PCR product by agarose gel electrophoresis. Excise and purify the 353-bp 
PCR product from the gel. 

3.2.4. Cloning of pic Targelron Into pACD3\vb2p 

The gel-purified 353-bp fragments and pACDwb2p vector arc digested with 
//indlll and BsrGl as following: 



Digestion 1 

Digestion 2 

DNA 

10 pL (5 pg) 353-bp 

5pL(5pg) 


fragment 

pACD3wb2p 

10X buffer 

2 pL 

2 pL 

BsrGl 

lpL 

lpL 

Hi/tdlll 

lpL 

lpL 

HjO 

6 pL 

11 pL 


Incubate at 37°C for 4 h. Run the digested mixtures in an agarose gel and 
purify the digested fragments from the gel. The gel purified 350-bp insert and 6- 
kb vector are ligated by T4 ligasc. Transform ligation mix into E. coli DH5u- 
competcnt cells. Plate the transformed bacteria on LB agar plates containing 15 
pg/mL chloramphenicol and incubate overnight at 37°C. Pick up single colony 
from the transformation plates and grow overnight in LB medium containing 15 
pg/mL chloramphenicol. Purify plasmid DNA. pACD3wb2pai, from the culture 
by mini preps and sequence the joint regions of the insertion point in the vector 
and the entire inserted fragment. 

3.3. Cloning of pic Targetron Gene Cassette From pACD3wb2pai 
Into an E. coli-C. perfringens Shuttle Vector, pjlR750 

As pACD3 lacks an origin of replication in C. perfringens, the targetron 
would not be maintained in C. perfringens long enough to obtain efficient targetron 
insertion into a C. perfringens target gene. In response, the whole pic targetron 
gene cassette (including 0-2-promotcr. pic targetron. and downstream LtrA ORF) 
is PCR amplified from pACD3wb2pai and ligated into pJIR750, creating 
pJIR750ai. 

3.3.1. PCR Amplification of Whole Targetron Gene Cassette 

PCR is performed on plasmid pACD3wb2pai using sequence specific primers. 
pic targetron cassette F and R. which amplify the whole 3.7-kb targetron gene 
cassette and have Pvul linker sites at 5' ends of both primers (see Note 2). 
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The PCR mixture is setup as follows: 

1. I pL of 200 ng/|iL pACD3wb2pai (final amount - 200 ng). 

2. 2 pL of 20 pAf primer pti taigctron cassette F (final concentration - 800 nW). 

3. 2 pL of 20 pAf primer pti targetron cassette R (final concentration - 800 nAf) 

4. 5 pL of 10X AccuPrimc reaction buffer (final concentration - IX). 

5. 1 pL of AccuPrimc Pfx DNA polymerase (final amount - 2.5 U). 

6. 39 pL of H,0 (final volume: 50 pL). 

Perform PCR with initial denaturution. 95°C, 10 min. Amplification. 95°C. 
15 s: 56°C, 30 s: 68°C. 4 min for 35 cycles. Final extension. 68°C for 7 min. Run 
PCR product by agarose gel electrophoresis. Excise and purify the 3.7-kb PCR 
product from the gel. 

3.3.2. TOPO Cloning of the Amplified pic Targetron Cassette 

1. Setup TOPO Zero Blunt TOPO PCR Cloning Kit. Invitrogcn. Carlsbad. CA. cloning 
and transformation according to manufacturer's instruction (see Note 3). Plate the 
transformed bacteria on LB agar plates containing 50 pg/mL kanamycin. Incubate 
the plates at 37°C overnight 

2. Inoculate individual colony from the plates into LB broth containing 50 pg/mL 
kanamycin. Incubate overnight at 37°C. 

3. Purify plasmid DNA. pCR-Blunt ll-TOPO-37-kb. from the culture by Miniprcps and 
sequence the entire inserted fragment in the plasmid. 

3.3.3. Cloning of pic Targetron Cassette Into a pJIR750 Vector 

1. Digest pJIR750 and pCR-Blunt H-TOPO-3.7-kb with PvnL Separate digested DNA 
fragments by agarose gel electrophoresis. Excise and purify the 6.5-kb fragment from 
digested pJIR750 vector and 3.7-kb DNA from digested pCR-Blunt II-TOPO-3.7-kb 
from the gel. 

2. Dephosphate the 6.5-kb vector DNA by alkaline phosphatase according to manufac¬ 
ture’s instruction. Run the mixture in an agarose gel and purify the DNA from the gel. 

3. Ligate the 3.7-kb DNA fragment containing the whole pic targetron cassette to the 
digested and dephosphated pJIR750 vector DNA by T4 ligasc. Transform the ligation 
mixture into £ coli DH5a competent cells. Plate the transformed cells onto LB agar 
plates containing 15 pg/mL chloramphenicol. isopropyl-p-D-l-thiogalactopyra- 
noside. and 4-chloro-5-bromo-3-indolyl-(l-i>galactopyranosidc. Incubate the plates 
at 37 "C overnight 

4. Inoculate white colonies into LB culture medium containing 15 pg/mL chlorampheni¬ 
col. incubate at 37°C overnight. Purify- plasmids. pJIR750ai. from the culture by 
miniprep. Sequence the 3.7-kb pic targetron cassette in pJIR750ai by primer walking. 


3.4. Creation of a pic Gene Knockout Mutant of C. porfringens 
by the Constructed pic Targetron 

C. perfringens is one of the prolific bacterial toxin producers. According to the 
profile of toxins produced. C. perfrlngens have been classified into types A-E. 
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Fig. 1. Screening of pic gene insertion. (A) Diagram of the pic gene with and with¬ 
out insertion of the targetron. -* forward primer. *-rcvcrsc primer. (B) Screening of 
C. perfringens colonies for targetron insertion by PCR. The numbers at the top arc 
bacterial colony numbers. Colony 5 shows both 1.1- and 200-bp bands. 

How ever, all types of C. perfringens possess pic gene on their chromosomes and 
produce u-toxin. the most important toxin for development of gas gangrene. Type 
A C. perfringens ATCC3624 is used for the chromosome u-toxin gene knockout. 

3.4.1. Preparation oiATCC3624 for Electroporation and Electroporation 

1. Inoculate 0.2 mL C. perfringens ATCC3624 spores stock into the bottom of the tube 
containing 10 mL FTG. heat-shock the spores by putting the tube in 70"C water bath 
for 20 min. incubate the tube with lid tightly closed at 37°C overnight (see Note 4). 

2. Inoculate 0.2 mL of an overnight FTG culture into 10 mL TGY broth and incubate 
overnight. 

3. Harvest the bacterial cells and wash them twice in SMP buffer. Resuspend the cells 
in 400 pL ShfP buffer and put them into 0.2 cm cuvet with 5 pg pJIR750ai DNA 
(see Note 5). 

4. Electroporate the bacteria with a single pulse of 2.5 kV at 25 pF capacitance and 
200 Q resistance. Remove the electroporated cells to 3 mL prewarmed TGY broth. 
Rinse the cuvet twice with medium to recover any cells adhering to the electrodes, and 
add to the broth. Incubate the electroporated cell in TGY medium at 37 D C for 3 h. 

5. Plate the bacteria on BHI agar plates containing 15 pg/mL chloramphenicol. Incubate 
the plates in an anaerobic jar with a GasPack overnight at 37 = C. 

3.4.2. Screening of Bacterial Colonies With pic Targetron Insertion 
Into Chromosome 

1. Colony PCR is performed with two primers hybridizing to cither side of the insertion 
point in chromosome a-toxin gene, so that 1.1 -kb PCR product is produced in the bac¬ 
teria with the intron insertion in predicted position and orientation, while 200-bp PCR 
product is produced in wild-type bacteria (Fig. 1). When the pk targetron in the plas¬ 
mid is transcribed and excised out and the 1EP is produced in the transformants, the 1EP 
and excised intron lariatc RNA carry out the targetron insertion into the pic gene. 
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Fig. 2. Growth of wild-type and pic mutants on egg yolk BHI agar plates after 24 h of 
incubation in anaerobic conditions. 


When a single transformed bacterium replicates to form a colony, the targcuon 
insertion occurs in some of the progeny bacteria but not all of them. As a result, a 
single colony coming from one transformed cell may contain some bacteria with the 
targetron-inserted pic genes and some bacteria with wild-type pic genes. PCR on 
such a mixture colony with primers described, produce both 200 -bp as well as 1 . 1 -kb 
PCR products. 

Setup colony PCR mixture: pick up the bacteria from a colony with a pipet tip. 
rinse the bacteria into 5 |tL of FTG buffer in a tube. Add following components 
together: 

a. 2.5 pL of the bacterial mixture. 

b. 1 pL of 20 pilf primer a-toxin F (final concentration - 800 nM). 

c. 1 pL of 20 pAf primer a-toxin 100R (final concentration - 800 nVf). 

d. 2.5 pL of 10X PCR buffer (final concentration - IX). 

c. 1.5 pL of 3.8 mAf dNTPs (final concentration - 228 p M). 

f. 0.25 pL of 5 U/pL Toq polymerase (final amount - 2.5 U). 

g. 16.25 pL of H,0. 

Perform thermo cycling with initial denaturation, 94°C. 10 min. Amplification. 
94°C. 1 min: 54°C. 1 min: 72 C 'C. 2 min for 35 cycles. Final extension. 72°C for 
7 min. Run PCR product by agarose gel electrophoresis. Visualize PCR product 
under UV light. 

2. Monitoring a-toxin activity by observing the white halo around colonics on BHI 
agar containing egg yolk. Because C. perfringens a-toxin breaks down lecithin 
(a normal component of egg yolk) to insoluble diglyceridcs. an a-toxin producing 
colony when grown on egg yolk agar plate gives rise to an opaque halo surrounding 
die colony (Fig. 2). 

Pick up the PCR-confirmcd mixture colony that show two PCR products with a 
pipet tip. put them into 50 pL of FTG medium (Fluid thioglycolatc broth). Make seri¬ 
ally 10-fold dilution of the bacteria for eight times with FTG medium. Vortex each 
dilution vigorously for 30 s. Plate each dilution on egg yolk BHI agar plates. Incubate 
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the plates in the anaerobic jars with GasPaks overnight at 37°C. Pick up the bacterial 
colonics without surrounding white halo, culture them in FTG medium and incubate 
overnight at 37°C 

3.5. Confirmation of pic Gene Inactivation 

To detect the precise targetron insertion point on the chromosome, sequence 
analysis is performed at joint regions. To monitor whether the targetron inserts 
only into pic gene. Southern blot analysis is performed on the bacterial chromo¬ 
some DN'A using targetron sequence-specific probe. 

3.5.1. Analysis of the loinl Regions Between pic Targetron 
and Chromosome DNA by Sequencing 

Perform PCR with 5 pL of bacterial culture from colonics without a halo using 
primer a-toxin F or cx-toxin 100R hybridizing to each side of flanking sequences 
of the insertion site in a-toxin gene. Run PCR amplification products in a 1% 
agarose gel. Excise the 1.1-kb DNA band and extract the DNA from the gel as 
described above {see Section 3.1.2), Sequence the 1.1-kb PCR product using 
primer a-toxin F or a-toxin 100R. Analyze the sequences using Vector Nil suite 
(Informax, Oxford. UK). 

3.5.2. Southern Blot Analysis on Bacterial Chromosome DNA 

3.5.2.1. PURIfICATlON or C. rotmvGTNS DNA 

Culture C. perfringens in BHI medium overnight. Purify C. perfringens DNA 
from the culture using masterpure Gram-positive DNA purification kit according 
to manufacturer's instruction. 

3.5.2.2. Enzymatic Digestion of C. pcmuNGCNS DNA and Southern Biot 

1. Mix following components together 14 pL of purified DNA (containing 10 pg 
DNA). 2 pL of 10X ECoRI enzyme butfer. 2 pL of H,0. 2 pL of 20 U/pL EcoRI 
enzyme and incubate overnight at 37°C. 

2. Separate digested DNA by agarose gel electrophoresis and transfer DNA onto nylon 
membrane according to manufacture's instruction (see Note 6). After the transferring, 
remove the nylon membrane from the cassette; cross-link the membrane twice using 
a UV Stratalinkcr 1800. 

3. Perform the hybridization and detection according to manufacturer s instruction {see 
Note 7). 

3.6. Cure of the Targetron Donor Plasmid pllR750ai 
From Mutant Bacteria 

Although targetron insertional mutagenesis requires the targetron donor plasmid 
to initiate the targetron integration, the donor plasmid is not required for main¬ 
taining the integration. Removing the donor plasmid is necessary” for future gene 
manipulation in the same bacterial cell. 
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Culture pic mutants in FTG lacking chloramphenicol for 5 d with daily sub¬ 
culture. Plate the day 5 subculture on BHI agar plates lacking chloramphenicol, 
incubate the plates in anaerobic jar with GasPaks overnight at 37°C. 

Perform colony PCR with the colonics grown on the plates after overnight 
incubation using plasmid-specific primers 493IF and pJ!R750R. Subculture the 
colonics with PCR-negativc results. 

4. Notes 

1. When making Modified Duncan-strong medium, make the stock solution of theo¬ 
phylline to 20 mg/mL in ddH 2 0. Theophylline is not dissolvable in H,0 with neutral 
pH. But increasing pH by adding a little 10 VNaOH in the solution helps dissolving 
theophylline in H 2 0. Filter theophylline stock solution before use. 

2. We have found that Taq DNA polymerase introduced some mutations when amplify¬ 
ing the 3.7-kb DNA fragment. It is desirable to use high-fidelity DNA polymerase pfx 
to amplify the 3.7-kb DNA fragment. 

3. C. perfringens is an anaerobic bacterium. It is preferable to use a narrow culture tube 
to hold the culture medium to reduce the medium surface area exposed to air. When 
inoculating C. peifringens into a fresh culture medium, put the bacteria near the 
bottom of the tube, incubate the tube with lid tightly closed in a nondisturbed 
place at 37*C. 

4. Instructions for Zero Blunt TOPO PCR cloning kit from Invitrogcn. 

5. Keep the cuvet on ice and make sure there is no bubble in the bacterial mixture. 

6. Technical Bulletin no. 121 (Amersham Bioscicnces). 

7. Instructions for Noith2South chemiluminescent hybridization and detection Kit. Pierce. 
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